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One of the most pressing issues of our time is sustainability. Since 1992, the University of Sonora 
has promoted sustainability and encouraged climate friendly behaviors inside and outside the uni-
versity. Because of these fruitful efforts, the university has been considered an international icon of 
sustainability.  This e-book represents the highpoint of these efforts. 
I really hope that by reading this e-book, students will gain knowledge about how to foster and de-
velop stewardships around sustainability. One of the issues that is especially interesting and timely 
in this e-book is its multidisciplinary approach to the issue of sustainability. The chapters in this 
e-book were written by the leading scholars on sustainability from around the world. For this, I 
cannot thank them enough.
As a former Rector of the University of Sonora, it is a pleasure to have made this International Sus-
tainability Stories e-book available free. This e-book is essential reading for the entire sustainability 
science community as well as to bachelor and graduate students interested in learning about and 
taking actionable steps toward sustainability.  
DR. HERIBERTO GRIJALVA MONTEVERDE 
FORMER RECTOR OF THE UNIVERSITY OF SONORA 
(2013-2017)
SUSTAINABILITY INSTITUTIONAL COMMITMENT
In the future, the University of Sonora will increase its efforts to engage internationally. Such efforts 
are vitally important to our institution because they have the opportunity to influence the ways in 
which our students engage in the world.  Internationalization engagement is a key priority not only 
for the University of Sonora, but also for many other Mexican higher education institutions.   In-
ternationalization engagement is facing some relatively new challenges that cannot be understated. 
Therefore, these endeavors require the cooperation and willingness of students, professors, staff, 
and authorities. 
At our institution, we already have great examples of international collaborations. For example, 
the Sustainable Development Group has had a longstanding history of working toward sustain-
ability in concert with many collaborators from higher education institutions across the globe. The 
e-book, “International Sustainability Stories: Enhancing Good Practices” is an excellent example of 
the outcome of such international engagement efforts. The e-book contains case studies written by 
senior scientists from around the world to inspire students and professors to maintain and initiate 
sustainability efforts. 
As a rector of the University of Sonora, I would like to thank all of you who helped to make this 
e-book, especially to each of the authors. I wish you much success in this.
Finally, I want to reaffirm the complete institutional commitment to collaborate nationally and in-
ternationally with partners to foster sustainability at a local and global scale.
DR. ENRIQUE FERNANDO VELAZQUEZ CONTRERAS 
RECTOR OF THE UNIVERSITY OF SONORA 
(2017-2021)
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The concept of a sustainable world offered a significant breakthrough when it was launched during 
the 1980s as a guiding objective for environmentally sound global development.  During that pros-
perous period, sustainable development became an overarching umbrella for a wide range of social 
and economic development programs that sought to improve human well-being within the limits of 
the natural resources and ecological services upon which economies and societies depend.
The concept of sustainability was included as a central commitment in the United Nation’s Millen-
nial Development Goals, and in 2015, the concept became an underlying foundation for the United 
Nations "universal, integrated and transformative" 2030 Agenda for Sustainable Development and 
the crafting of the 17 Sustainable Development Goals.  Formally and globally the concept of sustain-
able development which had long covered resource protection, clean water and air, cleaner produc-
tion, sustainable cities and consumption, clean energy and economic development was broadened 
to include good health, decent work, universal education, gender equality, inequality reduction and 
peace and justice.  It is a testament to the resilience of the concept that sustainability has continued 
to serve as a guiding principle over these past 30 years even as the waves of history have shifted glob-
al attention from environmental protection and resource conservation to economic development 
and poverty reduction.
Indeed, some trends since the 1980s point towards a more sustainable world.  In many countries 
GDP is growing and poverty rates are falling underpinned by strong economic growth in developing 
countries.  Industrial systems are increasingly more productive and manufacturing technologies, 
transportation vehicles, and household products are more energy and material efficient.  Cleaner 
production improvements among both large manufacturers and small and medium sized enter-
prises have reduced air contaminants, water pollution and waste generation.  Renewable energy 
technologies now make up the fastest growing sources of energy.  Ozone depleting chemicals have 
been largely curtailed and the global ozone layer should return to pre-1980 levels by the middle of 
the century.  National policies and multilateral agreements have restrained the manufacture and use 
of some of the most highly dangerous chemicals.  In many urban areas, primary air pollutants have 
been reduced, although some local air sheds, particularly in developing countries, remain heavily 
polluted.  Pollution control and water treatment technologies have reduced water pollution and 
today, some 90 percent of the world’s population has access to clean drinking water.  
However, other trends are less positive.  Economic growth has too often been accompanied by 
growing inequality and pockets of severe poverty.  Even where global goals have been reached, there 
are wide disparities between and within countries.  Malnutrition and food shortages persist.  Rates 
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of energy and material consumption continues to grow worldwide leading to regional resource 
depletion, ecosystem degradation, and biodiversity loss.  Some 300 million hectares of forest lands 
have been lost since 1990. Land disposal and improper management of hazardous wastes remains a 
significant problem.   Climate change is now a reality and its effects can be felt in increasing global 
temperatures, warming oceans and rising sea levels, increasing ocean acidification, retreating gla-
ciers and decreasing Arctic sea ice, turbulent weather patterns and new droughts and weather-re-
lated disasters.  Urbanization continues with over half of the world’s population now living in cities, 
including some 21 megacities of over 10 million people, where massive slums continue to house the 
most vulnerable.  
However, such trends only tell a portion of the story.  Environmental impacts may be documented 
and measured, but the concepts of economic and social development are more difficult to assess.   In 
part, this is a problem of measurement and in part a problem of goal definition.
The United Nations has championed the measuring of ecosystem and atmospheric responses to 
unprecedented levels of material production and consumption and the ecological footprint of some 
7 billion (soon to be 9 billion) people through assessments such as the Global Environmental Out-
look, the Global Chemicals Outlook and the Global Waste Management Outlook.  However, these 
assessments rely on found data.  Inventories and projections can only be based on the data that is at 
hand and large gaps exist for global data on changing land patterns, wetlands and forest conditions, 
ocean and marine systems and most species populations.   While large amounts of data exist on eco-
nomic and social indicators, there remains much concern that the indicators do not represent the 
felt conditions of people and communities.  Measuring GDP has been roundly criticized as missing 
much that makes up economic security and material prosperity.  Focusing on national or regional 
indicators of economic growth, employment and wages has been challenged as a means of assessing 
the perceived value of goods and services, particularly where inequality is ramped.  Measuring de-
mographic conditions, education levels, and social service utilization does not well represent social 
satisfaction.  Economic and social conditions are complex and indicators and measures are needed 
that more directly address the felt side of well-being. 
The goals of development are also muddled.  The idea of development, like the concept of progress, 
is founded on values about the composition of human well-being and these are largely values put 
forth by those in wealthy, “modern”, and technologically advanced countries.  These values sup-
port high-energy, consumption-oriented economies and minimize questions about who benefits 
from such development and whether inequality is endemic to such societies.  Such values support 
globalization and free trade and inadvertently advance the homogenization of local and regional 
cultures.  Certain assumptions about technological and economic structures are “locked in” by his-
torical trends and past investments and by the heavy hands of those who currently benefit.  Recent 
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experiences of electorates in both developed and developing counties suggest just how unacceptable 
such values may be to some and beg for a more inclusive way to shape the goals of development. The 
idea that the definition and objectives of economic and social development might best be drafted by, 
or at least informed by, the active participation of those whose communities are to be developed is 
recent, but it opens new opportunities for considering sustainability in a more inclusive and diverse 
context.  
Opening up the participation of those in developing economies in defining the goals and shaping 
the means of promoting development raises issues around fairness as resources are not equally 
shared and the costs of development and environmental degradation weigh heaviest on the poor. 
And justice becomes central not only for the future, but also about the past.  The heavy focus on 
the future underlying sustainable development can try to ignore the pain and anger of communi-
ties where a legacy of resentment runs deep, but a sustainable world cannot be achieved without a 
shared sense of justice and acceptance and at least some commitment to peacefulness and non-vi-
olent conflict resolution. 
Sustainable development places a high value on development as a means for improving the quality 
of human life, but the environment is often treated as a material residual to be protected for sure, but 
left without its own goals.  Goals may be set to restrain degradation, work within planetary bound-
aries or restore desired resources such as forests or fisheries.  However, so much of the planet’s 
lands, waters and ecological systems have been degraded that simple protection is hardly enough to 
guarantee a future of healthy natural systems.  Some argue for a restorative or regenerative approach 
that sets goals for environmental well-being and supports programs to re-build, re-energize and 
re-construct natural systems that are healthy, robust and resilient.  Embracing the environment’s 
own systems of “development” may be the best way to assure the prospects for future generations.   
Today, as a new global focus is emerging that embeds environmental protection deeply into eco-
nomic and social development, sustainability must again readapt to the changing times.  What lies 
ahead offers a wide range of new challenges.  Population will continue to increase with the largest 
increases occurring in the developing economies and among the world’s elderly.  It will be increas-
ingly costly to find new sources of fresh water, mineral deposits and arable lands.  New technologies 
such as nanotechnology, synthetic biology, genetic engineering, artificial intelligence, robotics and 
the Internet will continue to challenge the way that we live, work, play, communicate and make war. 
The global fiscal crisis on the past decade and the increasing retrenchment of multilateral aid have 
reduced funding for developing economies and restrained risk taking among major business insti-
tutions.  And new social problems are emerging, such as a rising tide of nationalism and terrorism, 
increasing skepticism about globalization, and mass migrations of climate and war refugees.   
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Can sustainability continue to be the overarching guiding principle for a future of such changes? 
The varied stories in this collection suggest the many possibilities, and, even more than grand, 
global pronouncements, it is stories like these that point out what people on the ground can do to 
achieve a sustainable society on this planet. 
The United Nations Sustainable Development Goals set out an ambitious mission for the next 20 
years, but these worthy objectives are designed upon the values and governance structures of today. 
Some of what lies ahead will continue as trends from the past, but the story of human life is evolving 
and we are always limited in our predictions by what is discontinuous and unpredictable.  The con-
cept of sustainability has stood us well over these past decades.  It will take a lot of work and good 
governance to assure that this overarching principle continues to serve us as an effective guide for 
the uncertainties and challenges of the future. 
Kenneth Geiser, Ph.D.
Professor Emeritus, University of Massachusetts Lowell
17
INTRODUCTION
In accordance with the Brundtland Report, sustainable development is development that meets the 
needs of present generations without compromising the ability of future generations to meet their 
own needs. There are three fundamental dimensions of sustainable development: environmental, 
social, and economic. In theory, the three dimensions must maintain a balance; however, with the 
many uncertainties of the current worldwide economic outlook, maintaining a balance between 
these dimensions will be more difficult to achieve than before, and the environment is likely to be-
come the first victim.  
All treaties that involve sustainability acknowledge that there are several ways to promote sustain-
ability. In this context, the purpose of this book is to increase the involvement of students in sustain-
ability initiatives at both the bachelor and graduate levels by educating students about successful or 
unsuccessful sustainability efforts around the world. In this book, eight international experiences 
are discussed that present successful approaches in implementing sustainability projects. 
The first chapter focuses on industrial ecology as a tool used to achieve sustainable development, 
and it includes examples from The Netherlands and Sweden. Both cases are based on industrial 
ecology initiatives by industry; however, the case from The Netherlands is based on the planning 
phase of industrial ecology, while the case in Sweden is based on uncovering industrial ecology.
The second chapter discusses the relation between sustainable industrial production in the Unit-
ed States and the primary prevention of environmental and occupational disasters as a threshold 
activity to achieve sustainability. An effective strategy that is utilized for the prevention of major 
chemical accidents is evaluated using a system approach. The chapter argues that the prevention of 
an environmental or occupational catastrophe is fundamental to sustainable industrial production.
The third chapter fosters the case of Sustainable Construction.  In particular, the chapter shows the 
environmental impact and health risks associated with the use of spray polyurethane foam.  Spray 
foam insulation is a good example of a high quality-insulating product that relies on isocyanates, 
one of the most potent chemical sensitizers known to man. While SPF can be used safely, its history 
of the past few decades illustrates the various challenges in maintaining a balance between product 
formulation and performance, raw material input and occupational health issues arising during its 
application. These aspects of product development and stewardship are important considerations 
in the sustainability efforts and require continuous attention, especially when new applications and 
or formulations enter the marketplace.
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The fourth chapter describes cleaner production practices in the Brazilian industries. The aim of this 
chapter is to present the experiences of a medium-size metal-finishing company that implemented 
Cleaner Production (CP) programs to improve processes and resource use as well as to evaluate the 
results of the changes in a joint action with the researchers of Paulista University. 
The fifth chapter presents the economic principles used to assess the efficiency improvements for 
sustainable development. The world has become increasingly complex due to technological advanc-
es and increasing trade on a global scale, among other factors. Consequently, efficiency improve-
ments for sustainable development may lead to various fragilities and increased unsustainability. 
In the sixth chapter, the role of higher education in sustainable development and the opportunities 
of service-learning in this context are discussed. In addition to other competence-based teaching 
and learning approaches, service-learning offers several rich learning opportunities for students. 
The chapter describes the case of service-learning courses at the University of Vechta, Germany. 
The seventh chapter reflects on the existence of true sustainability. In this chapter, it is stated that the 
business model of an authentically sustainable company focuses on “doing business, doing good” 
while creating a social and environmental value. Cases of successful companies that earned profits 
by embracing sustainability and contributing to society and the environment are discussed. 
The eighth chapter argues that energy efficiency is a key strategy for achieving sustainability. In this 
context, the cases of General Purpose Technologies (GPT) are described, particularly illumination, 
compressed air systems, and electromechanical drives, in small, medium, and large-scale enterpris-
es.
The ninth chapter presents a general overview of an LCA case conducted in Mexico for automobile 
exhaust manufacturing as a practical experience of the Sustainability Graduate Program of the Uni-
versity of Sonora. The results show that the overall impact of the company was low during hot-end 
sub-assembly production in contrast to the material extraction stage.
Finally, the tenth chapter examines the development of industrial symbiosis through a practical 
model for physical, organizational, and social interactions in six different cases from around the 
world. The results provide a framework that can be used by industrial symbiosis practitioners to 
facilitate the creation of synergy in industrial areas.
In the year 2017, the outlook is not encouraging for advocates of sustainability issues. Recent finan-
cial and political developments suggest that there will be little support for sustainability initiatives. 
Fortunately, Albert Einstein argued that a crisis can be beneficial for society because it can lead to 
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progress, and this is the opportune moment in which sustainability promoters must collaborate to 
save the planet.
The book International Sustainability Stories: Enhancing Good Practices is aimed at enhancing stu-
dent involvement, in both bachelor and graduate level, in sustainability initiatives by telling them 
successfully, or not so successfully, efforts around the world. This was written by senior academ-
ics and scientists with practical experience in promoting sustainability initiatives. In their efforts 
to achieve sustainability, they accumulated a wealth of knowledge, successes, and failures, which 
makes them worthy of admiration. 
I feel honored to have coordinated this effort, and I am fully confident that during the post-2015 
era, society will successfully achieve the objectives of the Sustainable Development of the United 
Nations Organization. This will result from the commitment that millions of people who strive to 
accomplish this goal have made to this planet.





1. INDUSTRIAL ECOLOGY: EXAMPLES FROM THE NETHERLANDS AND SWEDEN 
Leenard Baas
1. Introduction
In one of the first definitions of industrial ecology, Frosch and Gallopoulos (1989) described it 
as a concept wherein “the consumption of energy and materials is optimized, waste generation 
minimized, and the effluents of one process serve as the raw materials of another process.” New ap-
proaches, such as industrial ecology, are designed to substitute routine approaches. For example, the 
concept of cleaner production was designed to be an approach to pollution control management; 
however, the routines of existing managing concepts often hamper the implementation of new con-
cepts. As a result, despite promising business models—or even generating better business models—
new concepts tend to be applied marginally. According to Baas (2005), there are two main pathways 
in developing industrial ecology activities: the organization of those activities and the activities that 
are being aspired to. As market incentives are important drivers for industry, the involvement of 
industry representatives is required. That can be different for existing industrial sites (brown field) 
and newly designed industrial sites (green field). 
The concept of industrial ecology emerged in the 1990s. Industrial ecology has been worked out in 
the Kalundborg industrial park in Denmark as industrial symbiosis, which refers to the bi-lateral 
links that exist between industries. The examples of industrial ecology/symbiosis presented in this 
chapter will illustrate the eco-industrial relationships in The Netherlands and Sweden. The case of 
The Netherlands is based on the planning phase of industrial ecology, while the case in Sweden is 
based on uncovering industrial ecology. The discussion about planning or uncovering industrial 
symbiosis is described in detail by Chertow (2007).
Both cases involve industrial ecology initiatives by companies. Whether industrial ecology is better 
applied through the initiatives of industries or through governments depends on the societal con-
text. It has been observed that the success of the eco-industrial park initiatives though the govern-
ment is best in China, while the success of the eco-industrial park initiatives through industries is 
better in Northern industries.
2. Characteristics of Industrial Ecology
Industrial ecology and symbiosis can be characterized in different ways. The concept can be ap-
proached on a policy (national, regional, and/or municipal), operational (links between compa-
nies), and/or industrial park level (eco-industrial parks). Within these levels, there are various is-
sues and dimensions.
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Table 1.1 Typology of issues and dimensions of an industrial ecology framework
Issues and dimensions Content
Target Zero emission: cleaner production, closing all loops, no leaks
Policy Policy development: the recognition and acknowledgement of potential
Holistic industrial 
ecology concept
Decarbonization: evolution of the energy system
Dematerialization: fulfilling more needs with less stuff and less energy
Material substitution: the reduction of the environmental burden and toxic use 
throughout the production, use, and after-life management of all products
Service for product (functionality economy): provision of product-service combina-
tions that require less total material and energy from a life cycle perspective
Organization
Intermediary organization: organizing activities that go beyond the scope or purview 
of individual companies; the development of a consensus-based regional ‘industrial 
ecology covenant’
Exchange system: interactive information system
Public/private partnership: infrastructure
Means
LCA: an industrial ecology quick scan method development, testing, and adaptation 
to the industrial ecology context
Materials flow and balance analysis: comprehensive accounting for industrial ecosys-
tems at several levels (firm, sector, region) by elements (Cadmium, Chlorine) and by 
sectors (wood)
Material activities
Utility-sharing: compressed-air, energy, and steam systems
Cascade: systems for water, waste, and energy cascading
Joint treatment: of bio-sludge, waste, and wastewater
Resource delivery: the production of basic compounds for the region
Non-material activities
Education: general in the area and specific on industrial ecology
Labor: a flexible pool on industrial ecology development
Transport: joint use for employee mobility and goods transport
Implementation Test: sustainability basisTrust: good-will and competence trust
Monitoring Indicators: intensity of use, waste/product ratio, improvement in the quality of life sustainability index of the region
Evaluation Reflection: reporting, feedback, and on-going support to ensure the long-term future of the regional sustainable development goals and objectives
Source: Baas (2005)
3. Waste heat application in the Rotterdam Harbor and Industry Complex
In 1994, the regional industry association, Deltalinqs, decided to implement an industrial ecology 
research program in the Rotterdam Harbor and Industry Complex called the Industrial Symbiosis 
Program (INdustrial Eco System – INES programme 1994-1997). Research teams from Delft Uni-
versity of Technology and Erasmus University Rotterdam were asked to undertake this research 
(Baas, 2005). Fifteen projects in total were defined based on the information provided during a 
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two-day industrial ecology workshop in which a confidential questionnaire was administered to 
companies (Baas, 2005).
One of the projects in the Rotterdam Harbor and Industry Complex was concerned with the issue 
of waste heat and CO2. Companies that were emitting waste heat and CO2 into the air and/or surface 
water and neighboring companies that were producing heat necessary for their production process-
es attended the meeting. The need for an “open door” proposal mechanism and project design for 
connecting these industrial systems was identified; however, the project that was eventually select-
ed, which involved sharing waste heat, actually laid the foundation for the emergence of strong (po-
litical) attention. At the end of the INES program, the industrial association and an energy distrib-
utor jointly discussed the best ways to utilize approximately 2200 megawatts of waste heat that was 
emitted into the air and approximately 3000 megawatts that was emitted into the water. The initial 
option identified for further study was a pipeline system that would be used to connect the suppli-
ers and buyers in the industrial region. It was calculated that such a pipeline system would cost € 
112,700,000 and would require government funding for a new infrastructure that would distribute 
this new source of energy to the industrial region. This waste heat project was further explored in 
the follow-up INES Mainport Project from 1999-2002 (Baas, 2005).
After it was determined that the establishment of a pipeline infrastructure for the entire area was 
uneconomic, smaller scale projects were initiated in the INES Mainport Project. The Utilization of 
Industrial Rest Warmth Project involved eight partner projects in the Botlek and Pernis industry 
clusters. The estimated total investment required was € 83.6 million. The Dutch National Project Of-
fice for CO2 reduction plans was requested to provide a 30% subsidy in March 1998. A 27% subsidy 
was secured in November 1998. A partnership of seven Deltalinqs companies tested the technical, 
operational, and economic feasibility of the eight partners’ projects in 1999. Three projects were 
cancelled due to poor results. Of the five remaining projects, four were rejected, three for economic 
reasons and one on the grounds of discontinuity of supply (see Table 1.2; Baas, 2005).
Table 1.2 Waste heat supply sub-projects and the reasons for their rejections
Waste heat supply project from Reason for rejection
Air Products to Shell Chemistry Economic: pay-back time is longer than 30 years
AVR to Dapemo Discontinuity in steam demand of Dapemo
Lyondell to Climax Economic: not feasible
Esso to ORC Economic: not feasible
Source: Baas (2005)
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The four projects represented 63% of the estimated investments for the total of eight projects. This 
also meant that 63% of the subsidy was rejected. One large remaining project was cancelled due to 
the closure of the main partner, the Kemira Agro plant, which also meant that the pathway of small-
er clusters for waste heat supply was not an option.
Initially, despite the enormous waste heat surplus, nearly all large plant managers shared concerns 
for economic (the costs of the required infrastructure) or strategic (the perceived loss of indepen-
dence) reasons. These concerns were the main reasons that during the period from 1997 – 2001, the 
waste heat supply project had to be downsized from a holistic regional approach to several smaller 
cluster projects. After the large-scale approach appeared to be economically unsuccessful, a feasi-
bility study for heat delivery through a private “Heat Company” was performed (ROM-Rijnmond, 
2003). One of the drivers for the continuing efforts to implement this project was pressure from the 
Water Management Authority, which made it clear that it would no longer accept additional emis-
sions of heat into surface waters. 
Industry management has always viewed environmental investments as efficiency improvements 
with an expected return on investment of two to three years (Baas, 1998). When environmental 
policies became better integrated into general industry policies, an expected return on investment 
of six years became commonplace. With the liberalization of the public energy facilities, such as 
electricity and natural gas (Jong, 2006), in the Netherlands around the turn of the 21st century, the 
situation reversed. The privatized energy companies began to expect a lower rate of return on their 
investments than industries, although not as low as the traditional rate of return that was expected 
when they were acting as public energy companies1. As a result, the differences in the “acceptable” 
investment time frame between industry and energy companies hindered industrial ecology initia-
tives in the Rijnmond (broader Rotterdam) area.
Following the completion of the INES Mainport Program and in cooperation with the ROM-Ri-
jnmond Energy projects (a joint industry-government program), several new partners entered the 
“playing field,” including housing cooperations and energy suppliers. They agreed to pursue the 
project on the conditions that the decoupling of the waste industrial heat of the Shell Pernis Re-
finery (and later of Esso/Exxon and BP refineries) to the Rotterdam city district heating system 
was economically viable and that the responsibility for the coupling between industries and cities 
should be clearly organized. In 2002, the Rotterdam municipality began to provide a guarantee for 
1    Some experts have stated that in the decision-making process for the unification of the European Union market, 
for which obstacles to the optimal operation of the free market had to be removed, it was forgotten that from an 
economic perspective, the free market does not always provide the best solution. Sometimes a monopoly works 
better, such as in the case of electricity supply. This is because with natural monopolies, owners must have long-
term investment perspectives. 
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the extra funds for a temporary heating system in a new residential area near the Shell industrial 
site in Rotterdam. It also installed a financial safety net for the construction phase if the waste heat 
project should fail. The application of waste heat was intended to serve as a substitute for the natural 
gas supply in the Rotterdam area.
When all conditions for realization were finally met in 2004 (including the liberalization of the 
Dutch energy market and reductions of CO2 demanded by the national government as part of the 
Kyoto-protocol agreement), the planned recovery of Shell’s 6 MW of waste industrial heat as a sup-
ply for the city’s district heating system would make the temporary equipment redundant, as 3,000 
houses would benefit in the Hoogvliet residential area; however, Shell withdrew from the project in 
2007, and new arrangements had to be explored. After a delay of several years, new initiatives were 
adopted for the district heating system project in 2012. The heat supply system is still intended to 
provide 100 MW to 50,000 houses and the greenhouse sector (ROM-Rijnmond, 2005). In addition, 
future activities are planned to connect 500,000 houses and companies in the Southern part of the 
province of Zuid-Holland in 2020 (ROM-Rijnmond, 2006).
CO2 recovery is also included as part of the project. A new private company, OCAP, has ownership 
of the infrastructure and the responsibility to capture CO2 emissions from the Shell plant (in Pernis) 
and to distribute the waste emissions to 500 greenhouse companies to the north of Rotterdam. The 
CO2 delivery project (as a substitution for the combustion of natural gas) began in July 2005. In 
2007, the greenhouse companies achieved a reduction of 170,000 tons of CO2 emissions by avoiding 
the burning of 95 million m³ natural gas2. The designed future waste heat infrastructure is shown 
in Figure 1.1 (the red lines are the primary new pipelines as common carriers, the blue lines exist-
ing pipelines in a district heating system, and the dotted red lines are to be constructed in a later 
phase)3. The factory examples include refineries, power stations, and incinerators that will function 
as heat hubs within the district heating system. The district heating system will supply Rotterdam 
(1) and its surrounding areas (6), Dordrecht/Zwijndrecht (2), the greenhouse area Tinte/Vierpol-
ders (3), the city of The Hague and its surrounding areas (4), and Delft (5). 
2 Natural gas is burned in greenhouses for heating and the input of CO2.
3 The picture of the Botlek Loop at the left under part of Figure 1.1 illustrates the waste heat exchange between com-
panies, houses, greenhouses, and an underground storage center for cold and heat supply in the Botlek industry 
area.
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Figure 1.1 Future Waste Heat Infrastructure 
Source: Baas (2005)
There have been several highs and lows in the decision-making processes concerning the appli-
cation of waste heat in a district heating system for the city of Rotterdam and its surroundings. In 
February 2011, the municipality of Rotterdam and E.ON began a joint venture for a new “Heat 
Company” for waste heat application. While the significant waste heat emissions cannot be ignored, 
projects cannot proceed if they are uneconomic.
A major lesson learned from the INES program in the Rotterdam Harbor and Industry Complex 
was the spontaneous spin-off of initiatives that were inspired by information and the dissemina-
tion of results. New activities were observed, ranging from connecting waste heat from a chemical 
company to a neighboring truck cleaning company, the privately initiated and constructed “Happy 
Shrimp Farm” (a king-size shrimp breeding greenhouse water basin utilising CO2, NOx, and waste 
heat from a power plant), the IS design of a new chemical plant, and a new industrial site, Maasvlak-
te2, which was reclaimed from the North Sea and was designed following IS principles (Baas, 2008).
4. State-of-the-art Industrial Symbiosis in Sweden 
In this section, the Swedish forest industry and the biomass links in Sweden are used as examples 
of unplanned industrial symbiosis links (Baas, 2011). Nature conservation has a long history in 
Sweden, as illustrated by the more than hundred-year-old slogan “Nature is everyone’s.” Produc-
tion-oriented forest policies have dominated since the early 20th century and have explored cascade 
flow management and industrial symbiosis under the label of integrated diversification for efficient 
resource use; however, in the 1960s and 1970s, many companies became too diversified despite 
creating more value (Hill and Jones, 2001). As a result, in the 1990s, the argument for changing 
the strategies of many larger corporations to focus on a limited number of forest products seems to 
have been influenced by globalization trends as well as the needs for decreasing bureaucracy and 
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higher coordination costs. Nevertheless, Wolf and Petersson (2007) found that more than a third 
of the companies investigated in the Swedish forest industry had some type of material or energy 
exchange with adjacent entities, such as is demonstrated in the Mönsterås network. Although this 
network is outside of the regions compared in this chapter, the academic study is illustrative for the 
forestry industry network in Kisa, Östergötland.
In Mönsterås, the pulp mill and pellet production plant are co-located, and they share buildings 
and personnel and exchange materials and energy. The pulp mill delivers steam and electricity to 
the saw mill, steam, electricity, and bark for pellet production, and waste heat to the local district 
municipal heating system. In turn, the sawmill delivers saw sawdust and wood chips to the pulp mill 
(Wolf, 2007, see Figure 1.2).
Figure 1.2 Mönsterås Forest Industry’s By-Product Network 
Source: Wolf (2007)
Another spontaneous development was observed in the Östergötland region in which Cleantech 
Östergötland, which is an organization that comprises the municipalities of Linköping and Nor-
rköping and one-hundred industrial organizations and promotes the region’s business, was estab-
lished in 2008. This organization “marketed” the IS concept as an umbrella for environmentally 
driven regional development in Östergötland and defined it as “business practice”: “…characteris-
tic for industrial ecology is to turn environmental problems into business opportunities by apply-
ing wide system boundaries, using resources efficiently and co-operate through resource sharing” 
(Cleantech Magazine, 2009).
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Several IS activities were developed prior to the establishment of Cleantech Östergötland, such as a 
1.7 kilometer pipeline for the utilization of nutrient-rich waste water from a slaughterhouse into the 
biogas production facility in Linköping. Cleantech Östergötland promotes these types of activities 
as business cases. Likewise, district heating companies, such as Tekniska Verken in Linköping and 
E.ON in Norrköping, used IS as a driver of regional sustainability innovation. For example, biogas 
production, as affiliated or linked facilities of the district heating companies, provided biogas for all 
public bus transport and taxis in both cities. The local governments used this substitution decision 
as a means for solving the increasing city center environmental pollution caused by traditional fu-
el-driven transport. Due to the 5% average biofuel addition to the petrol use in Sweden and the 5% 
pure biogas use in Östergötland, approximately 10% of transport in Östergötland relied on biofuel 
in 2009. As an example of the many biomass symbiosis links in Östergötland, IS in the Händelö 
region is illustrated in Figure 1.3 (Martin, 2010). 
Figure 1.3 Industrial Symbiosis Network in the Händelö Industry Region 
Source: Martin (2010)
The Handelö industry area in the Norrköping municipality is interesting: it com-
bines an IS renewable energy cluster, a logistical center, and Natura 2000 conservation4 
 areas (Nicklasson, 2007). All links were developed step-by-step. Currently, the IS renewable energy 
cluster links the E.ON combined heat and power (CHP) plant with a biogas plant and an ethanol 
plant. The E.ON plant has a fuel mix of 95% renewable resources, including household waste, rub-
4 Natura 2000 is the name of the EU network of protected nature areas.
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ber, woodchips, and wood waste. The biogas plant owned by the CHP plant produces biogas from 
sludge derived from Norrköping’s waste water treatment facility. After fermentation, the biogas is 
upgraded to vehicle fuel and distributed to local refuelling stations. The CHP plant delivers 29% of 
its output as steam to the ethanol plant. The ethanol plant uses wheat, triticale, and barley as raw 
materials for the annual production of 210 million liters of bioethanol and 195,000 tons of protein 
pellets for livestock feed. The remaining part of the sediment that is not used for livestock fodder 
becomes raw materials for another biogas plant.
Several IS links in Sweden have been developed based on a single business case. Planned IS activities 
in a larger industrial park format are rare (the next example of the Landskrona Industrial Park is 
outside of Östergötland) and seem to be difficult to manage in Sweden. The Landskrona IS Project 
was “created” by Lund University as part of Ph.D. research (Mirata, 2005). The “creation” approach 
of the IS Landskrona Project for networks was based on the following definition: “a collection of 
long-term, symbiotic relationships between and among regional activities involving physical ex-
changes or materials and energy carriers as well as the exchange of knowledge, human or techni-
cal resources, concurrently providing environmental and competitive benefits” (Mirata and Tareq, 
2005).
The involvement of anchor organizations and key personnel in the field produces important drivers 
for the dissemination of IS activities within a region. It is important to identify them as “owners” 
of the project when the project is initiated from the outside. Unfortunately, for the Landskrona 
Project, the IS initiative was phased out when the research project budget, including external IS 
management, ended in 2006. Although the Landskrona industrial park led the introduction and 
dissemination of cleaner production in Europe between 1987 and 1989, the industrial ecology con-
cept did not generate a similar spin-off (Mirata, 2005).
In addition to the academic discovery of renewable energy and efficient material use based on in-
dustrial symbiosis (Wolf et al., 2005), new IS approaches recently began in Östergötland. A four-
year Sustainable Norrköping Program (2010-2013) has investigated the IS development of an ener-
gy cluster and a logistics center in the Händelö industrial area. A visualization center for the popular 
science communication of industrial symbiosis through the visualization of material flows and con-
nections in the Händelö area is also part of this project. It is argued that the citizens’ willingness, 
commitment, and support for these changes are critical dimensions for further developments. In 
other words, their empowerment, continuing engagement, and support are essential to ensure that 
this region continues its transition path. 
In another example, the Linköping district heating company, Tekniska Verken, and Linköping 
University agreed to fund a 10-year Industrial Ecology Research Program with Tekniska Verken 
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connected to a new chair of industrial ecology (www.iei.liu.se/envtech). For the Industrial Ecolo-
gy Research Program, industrial symbiosis is defined as follows: “industrial symbiosis is seen as a 
process whereby materials, water, energy and informational flows between and among companies are 
investigated with the objective of developing and improving co-operative links between/among them” 
(Baas, 2011). The long-term Industrial Ecology Research Program from 2009 – 2019 will contribute 
to focused research, education, and knowledge dissemination related to clean technology, industrial 
symbiosis, waste to energy, and biofuel applications on a sound economic basis through the results 
of Ph.D. research and continuous evaluations of sustainability projects in practice. 
Research projects that focus on the utilization of waste heat, CO2, and nutrients from district heat-
ing company in greenhouses, biofuel synergies, landfill, and urban mining began in 2010.
It is remarkable and encouraging that the policies and activities developed in Östergötland have 
already resulted in more than a 20% CO2 reduction compared with the level of emissions in the 
region in the 1990s. District heating systems and biofuel applications appear to be basic elements in 
the emergence of a “silent” transition to a “100% renewable energy” region.
5. Conclusion
Both the planned IS in the Rotterdam Harbor and Industry Complex and the uncovered IS in 
Sweden provided large IS connections in industrial regions. A district heating system was often 
the basis for IS connections in Sweden, while the refineries and energy suppliers provided the basis 
for IS connections in the Rotterdam area. The examples in this chapter illustrate the most general 
applications of industrial ecology/symbiosis.
30
References
Baas, L. 2005. Cleaner Production and Industrial Ecology; Dynamic Aspects of the Introduction 
and Dissemination of New Concepts in Industrial Practice. Delft: Eburon
Baas, L.W. 2008. Industrial Symbiosis in the Rotterdam Harbour and Industry Complex: Reflection 
on the interconnection between the techno-sphere and the social system. Business Strategy and 
Environment. 17: 330-340
Baas, L. 2011. Planning and Uncovering Industrial Symbiosis: Comparing the Rotterdam and 
Östergötland regions. Business Strategy and Environment. 20(5): 428 - 440, DOI: 10.1002/
bse.735
Chertow, M. 2007. Uncovering Industrial Symbiosis. Journal of Industrial Ecology. 11(1): 11-30
Cleantech Magazine. 2009. Environmental Technology in the Twin Cities of Sweden. Marknadsbo-
laget Fjärde Storstadsregionen and Regionförbundet Östsam: Linköping
Frosch, R.A., Galladopoulos, N. 1989. Strategies for Manufacturing. Scientific American. 261(3): 
144-152
Hill, C.W.L., Jones, G.R. 2001. Strategic Management: An Integrated Approach. Boston: 5th ed.
Jong J. de. 2006. Liberalising Dutch Energy Markets; Champions and governance, rules and regula-
tions: The 1995 – 2005 stories. Clingendael International Energy: The Hague
Martin M. 2010. Industrial symbiosis for the development of biofuel production, Licentiate Thesis 
No. 1441. Linköping Studies in Science and Technology, LIU-TEK-LIC-2010:12
Mirata M. 2005. Industrial Symbiosis - A Tool for More Sustainable Regions? Ph.D. IIIEE, Interna-
tionella miljöinstitutet, University of Lund: Lund
Mirata M, Tareq, E. 2005. Industrial symbiosis networks and the contribution to environmental 
innovation: The case of the Landskrona industrial symbiosis programme. Journal of Cleaner 
Production. 13: 993-1002
Nicklasson, D. 2007. Industriell Ekologi som Utgångspunkt för Utveckling och Marknadsföring 
av Näringslivet i Norrköpings Kommun [Industrial Ecology for Development and Marketing 
31
of Trade and Industry in Norrköping]. M.Sc. thesis, Linköping University, LIU-IEI-TEK-A-
07/00259-SE (in Swedish with English abstract)
ROM-Rijnmond. 2003. To C or not to C, Rotterdam
ROM-Rijnmond. 2005. Rijnmondse Routes, Rotterdam
ROM-Rijnmond. 2006. Grand Design; Warmte voor Zuidvleugel Randstad (Heat for the Southern 
part of Zuid-Holland). Rotterdam
Wolf, A. 2007. Industrial Symbiosis in the Swedish Forest Industry. Ph.D. thesis Linköping Univer-
sity. Linköping
Wolf A., Eklund M., Söderström M. 2005. Towards cooperation in industrial symbiosis: consider-
ing the importance of the human dimension. Progress in Industrial Ecology; An International 
Journal. 2: 185-199
Wolf, A., Petersson, K. 2007. Industrial symbiosis in the Swedish forest industry. Progress in Indus-
trial Ecology; An International Journal. 4(5): 348-362 www.iei.liu.se/envtech, assessed January 
2010
32
2. CATASTROPHE PREVENTION AS SUSTAINABILITY: SYSTEMS APPROACH  
AND PROCESS SAFETY PERFORMANCE INDICATORS IN INVESTIGATIONS 
OF MAJOR ENVIRONMENTAL DISASTERS 
Rafael Moure-Eraso
1. Introduction 
Sustainable industrial production is a human-made, goal-oriented system that serves humanity’s 
needs to produce goods and services without causing irreparable damage to the human or physical 
environment. The consequences of breakdowns in the sustainability of industrial production in-
volve negative impacts on the human and general environment. The most dramatic of these impacts 
include catastrophic fires, explosions, and chemical spills from complex and extensive industrial 
processes. There are two major examples of these catastrophes: the accidental release of Methyl 
Isocyanate gas from a Union Carbide pesticide plant in Bhopal, India, in December 1984, which 
resulted in at least 4000 deaths and 200,000 injuries (Perrow, 1999), and the fire and explosion of a 
British Petroleum off-shore Macondo-Deepwater Horizon crude oil platform, Gulf Coast, USA, in 
2010, which caused 11 fatalities, 17 critical injuries, and a spill of approximately five million barrels 
of crude oil in the Gulf of Mexico US (National Commission, 2011). The stakes of these systemic 
failures are high indeed, creating an imperative need to develop a structure of analysis to determine 
the root causes of these catastrophes to prevent them.
This chapter demonstrates that the investigative process of environmental disasters using the sys-
tem approach is an effective strategy in the prevention of these tragedies. This is a fundamental first 
step in attaining sustainability and ensuring the viability of sustainable industrial production that 
does not harm workers or communities engaged in the production of goods and services. Cata-
strophic mishaps deny the very possibility of industrial production by the physical destruction of 
the industrial site, let alone its sustainability. Management science has suggested a system of “social 
accounting” of human enterprises by developing a set of comprehensive indicators to establish what 
is known about progress toward general, acceptable goals (Van Grigch, 1971). If the goal of an in-
dustrial enterprise is sustainability—with environmental and occupational sound practices—a set 
of appropriate quantifiable indicators could be developed to measure success in the prevention of 
serious breakdowns that lead to a possible collapse of the enterprise, which in turn would lead to 
dire consequences for the environment.  
A case study of the investigation of a fire, explosion, and massive oil spill at the offshore platform of 
BP in the Gulf of Mexico in April 2010, which was conducted by the U.S. Chemical Safety and Haz-
ard Investigation Board (CSB), will serve as an example that can be used to identify good practices 
for prevention. A system approach of an analysis of the incident is presented using safety process 
indicators to diagnose the abnormal  functioning of a system that drastically failed and therefore 
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halted the process of crude oil production in an offshore operation and caused dire environmental 
consequences.  
2. System Approach 
 In the early 1970s, a general system theory was developed that defined a system approach to analyze 
human enterprises. It was presented as a new type of scientific method that could manage complex 
systems and could integrate concepts such as adaptation, learning, motivation, evolution, and their 
interactions with all factors governing industrial production, including its sustainability. It includes 
the paradigm of the traditional scientific method with new approaches for the measurement, ex-
planation, validation, and testing of performance indicators. It also integrates the social sciences 
(so-called soft variables) with new ways to engage with analyses of the design and improvement 
of human enterprises. This new approach connects the physical sciences with social, behavioral, 
and life variables, such as values, judgment, beliefs, and sentiments (Van Grigch, 1971, 2000). The 
system approach (SA), expressed as the careful development of performance indicators, is a new 
investigative process that can be applied to the design and improvement of organizations engaged 
in industrial production. The SA incorporates behavioral and strictly mechanistic views and exam-
ines organizations as an integrated whole whose goal is to achieve overall system effectiveness while 
harmonizing the potential conflictive objectives of its components (Van Grigch, 1971, 2000).
Investigating major accidents in industrial settings requires that the practitioner be able to diagnose 
the abnormal functioning of a system that impedes the realization of sustainable production. There-
fore, the prevention of major accidents must be part of the design of the production system. Using 
the SA theory, it is possible to improve industrial processes by using safety performance indicators 
(quantitative and qualitative). The definition and analysis of such indicators could then be incorpo-
rated into the management of enterprises by using them as predictive tools to validate prevention 
strategies. Regarding safety, these indicators must include both measurements of concrete critical 
activities, such as “response time during near misses,” and measurements of social indicators, such 
as “worker participation,” on safety decisions.
3. Process Safety Performance Indicators 
In the Petrochemical industry, safety indicators are quantitative measurement techniques that drive 
process safety performance improvement and training. The indicators should be relatively easy to 
understand by all parties affected and relatively easy to implement in an industrial setting. An ac-
cepted set of safety indicators should be suitable for benchmarking safety performance to observe 
trends to help prevent safety failures that could become catastrophes as well as to initiate programs 
of evaluation and continuous improvement.
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In general, the indicators should be consistently defined and should be able to be compared between 
processes and industries for statistically validity.
4. Lagging Indicators – Reactive Monitoring 
Historically, the first safety indicators chosen by industries as gauges of safety performance mea-
sured several actual human and material losses after incidents occurred. They are known as “lagging 
indicators” due to their retrospective character; they only suggest corrective or preventive inter-
ventions as a reaction after industrial accidents have already occurred (Baker, 2007). Safety experts 
generally agree that these are some examples of lagging indicators:
 § Worker fatalities, injuries, and “days away from work” 
 § Number of fires and explosions
 § Costs of repairs and idle time after accidents
Other lagging indicators, though there is no general consensus regarding their characterizations as 
“lagging,” are:
 § On-site or public need to declare “shelter in place”
 § Triggering of alarms, flares, or pressure relief devices
 § Instances of material release (loss of primary containment) 
Although there was an increased sophistication in industrial production during the 20th century, 
lagging indicators were still used to determine how “dangerous” a particular industry could be; 
however, the limitations of using lagging data to design prevention programs were recognized. Lag-
ging indicators provide data about process safety failures retrospectively, and thus changes are only 
made after an issue occurs.                                                          
5. Leading Indicators –Active Monitoring
It was recognized in the petrochemical industry that for prevention programs, a more active ap-
proach to measure indexes of performance should be developed that systematically and actively 
monitors industrial operations (work systems, production, and safety-related equipment, etc.) to 
provide performance feedback before an accident occurs. Leading indicators are believed to be 
precursors, or predictors, of future safety performance so that undesirable safety outcomes can be 
prevented. Some examples of leading indicators are (Baker, 2007, API 754, 2011):
 § Incidents of loss of content
 § Worker participation in safety decisions
 § Safe operation limit excursion
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 § Activation of safety instrument
 § Overtime work—rest days taken--vacations taken
 § Investment of resources and level of priorities for safety functions
Leading indicators proactively identify safety system deficiencies before the occurrence of negative 
and potentially serious outcomes. 
6. OSHA and Lagging Indicators
One event that reshaped the safety field in the last century is the United States Occupational Safety 
and Health Act of 1971. For the first time, regulations at the federal level were implemented, which 
requires the collection of safety data uniformly and in a comparable format from sector to sector in 
industries. OSHA proposed to keep yearly records in the most basic lagging indicator of safety per-
formance, which is the calculation of incident rates of work-related deaths, days away from work, 
restricted work, and medical treatment beyond first aid (OSHA 29 CFR 1904.0-46), as the system-
atic measure of personal safety.
The collection of these data is performed for general industry establishments with greater than 10 
employees in the USA. National statistics have been collected since 1972 and represent the first at-
tempt to use indicators to evaluate performance and to identify priorities for action.
After more than 20 years of experience obtaining these records (1970-92), OSHA confirmed that 
the number of cases and severity data of deaths, injuries, and illnesses obtained were a reflection of 
past personal safety performance and provided very little input for managing process safety risks. 
Because process safety accidents occur infrequently and are often unrelated in their casual factors, 
past incidents have a limited value in predicting future process-related incidents (Baker, 2007).
A vivid recognition that lagging indicators should not be used as performance indexes for the pre-
vention of major chemical accidents in the chemical industry resulted from the Bhopal tragedy of 
1984. The absence of systematic inspection regimes at the Union Carbide Plant in Bhopal and the 
lack of a preventive strategy illustrated the need to measure variables that are believed to be indica-
tors of future safety performance. Data on workers’ injuries and illnesses (even if collected properly) 
at the Bhopal plant would have had no predictive value in preventing the massive release of Methyl 
Isocyanate into the surrounding community. These findings were repeated in two investigations by 
the U.S. Chemical Safety and Hazard Investigation Board (CSB) in a number of major investigations 
of chemical fires and explosions in BP, Texas City, 2007, Tesoro, Anacortes, 2014, and the BP Ma-
condo-Deepwater Horizon Oil Platform, which are discussed in this chapter (CSB, Investigations, 
www.csb.gov). 
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7. Indicators after Bhopal
Following the Bhopal tragedy, OSHA developed a Process Safety Management (PSM) standard 
(OSHA 29 CFR 1910.119) in a rule-making procedure that lasted from 1984 to 1992. The PSM 
standard’s principal objective was to establish requirements for preventing or minimizing the con-
sequences of catastrophic releases of toxic, reactive, flammable, or explosive chemicals. Since 1992, 
OSHA has required that chemical plants collect systematic documentation of the inspection and 
testing of work systems, production, and safety related equipment in addition to the traditional 
lagging indicators of personal injury, lost time, and sickness. The requirements include maintaining 
records for hazard analyses, safety operating procedures, the mechanical integrity of equipment, the 
management of change (MOC), audits, and pre-start safety reviews. This documentation offers a 
rich pool of leading indicators, which are measurable variables that could be indicators and precur-
sors of future safety performance.
8. Personal Safety Metrics Indicators Are Not sufficient to Measure Major Accident Risks 
Important distinctions in the use of indicators are the contrasting characteristics of indicators de-
signed to measure elements of personal safety as opposed to elements that measure process safety. 
Personal safety indicators tend to be lagging indicators measured after failures have already taken 
place. These contrasting characteristics of personal and process safety indicators are summarized 
in Table 2.1, which shows that the scope of the measured indicators for personal and process safety, 
their capabilities as prevention tools, and the actors involved are different and have different appli-
cations. The table also illustrates that most personal safety measurements are lagging rather than 
leading indicators.
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Table 2.1 Indicators: Process safety – personal safety in chemical production
Two distinct safety disciplines
Process Safety Personal Safety
Scope Complex technical and organizational system Individual injuries and fatalities
Prevention Management systems: design, mechanical integrity, hazard evaluation
Procedures, training, Personnel 
Protective Equioment
Risk Incidents with catastrophic potential Slips, trip, falls, dropped objects, etc.
Primary actors Senior executives, engineers, managers, operations personnel Front line workers, supervisors
Safety indicators: Leading 
and Lagging Examples
HC releases, inspection frequency, PSM 
action item closure, well kick response, 
# of kicks (Pressured Gas Scapes)
Recordable injury rate, days away from 
work, timely refresher training, # of 
behavioral observations
Source: Author’s own elaboration
In this chapter, a case study is described that illustrates the ways indicators (personal, process, lag-
ging, and leading) interacted in an environmental catastrophe in the petrochemical chemical in-
dustry (Macondo-Deepwater-Horizon, Offshore Platform Explosion, Gulf of Mexico, April 2010). 
The evaluation of the indicators was completed through an investigation focusing on process safety 
management that was conducted by the U.S. CSB to identify the root causes of the incident and to 
formulate recommendations for prevention (CSB, 2011-16).
9. Chemical Safety Board (CSB) and Process Safety Management Investigations
The CSB is an independent investigative agency of the U.S. Federal Government with the respon-
sibility to investigate root causes of major chemical incidents to apply the lessons learned to pre-
vent their recurrence through recommendations to: U.S. Federal Regulatory Agencies (Occupa-
tional Safety and Health Administration and Environmental Protection Agency [OSHA, EPA]); 
Non-Governmental Industry Standards Organizations (NFPA, API, ASME, etc.); Companies & 
Industrial Sectors and Legislative Bodies (States, Local). The agency also has an extensive program 
for the dissemination of results (Press, Reports. Videos) (CSB, 2016).
CSB investigations typically examine process safety risks linked to incident events. Incident inves-
tigations usually identify precursor events that led to an incident. Similarly, performance indicators 
reveal safety gaps before an incident occurs. This approach is in line with the system approach 
described in the general system theory of management science. One of the key findings of the CSB 
investigations on Process Safety Management (PSM) was that the appropriate use of performance 
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indicators is a predictor of safety performance and that the systematic application of process safety 
indicators drives continuous safety improvements in the chemical industry sector (CSB, ww.csb.gov. 
Investigations:  BP Texas City, Tesoro, Anacortes and BP Macondo -Deepwater, 2007, 2014, 2015).
OSHA’s requirements for record keeping have evolved from gathering frequency and severity of 
injuries and illnesses data (personal safety data) collected since 1972 to gathering more useful data 
that can predict safety performance. From 1992 - 1997, the chemical industry has been required to 
collect and update (every five years) additional workplace records of process safety management 
through the OSHA Process Safety Management federal standards.
OSHA required that by 1997, the chemical industry should have completed hazard analyses of facil-
ities covered by the standard. Compliance with this requirement as well as with other PSM require-
ments has been mixed at best. The CSB found that failures to comply with the PSM standards were 
a common root cause of major chemical explosions and fires. 
This was tragically confirmed after the CSB investigation of the refinery explosion and fire of the 
British Petroleum (BP) Texas City Refinery in March 2005, which killed 15 workers and caused $1.5 
billion in damages and financial losses (CSB, 2007). This disaster occurred after more than ten years 
of the application of the OSHA PSM standards in the chemical industry. Subsequent, catastrophic 
chemical fires and explosions since 2007 that have been investigated by the CSB have shown little 
progress in the prevention of major incidents in the chemical sector. One of main lessons learned 
from the BP, Texas City disaster was the need for a separate focus on process safety as opposed to 
personal safety because personal safety (the basic lagging indicators) was not relevant to the explo-
sion or fire, while measurable variables collected from process safety management data could have 
been predictors of future performance.
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10. Chemical Safety Board (CSB) investigation of the fire and explosion at the BP Macon-
do-Deepwater Offshore Platform in the Gulf of Mexico in April 2010
Figure 2.1 BP Macondo-Deepwater Horizon Offshore Drilling Platform
in the Gulf of Mexico on 04/20/2016
Source: CSB (2014)
On April 20th, 2010, a multiple-fatality incident occurred at the site of the Macondo oil well ap-
proximately 50 miles off the coast of Louisiana in the Gulf of Mexico. The incident occurred during 
well-abandonment activities when the ultimate failure of a safety drilling device resulted in a well 
blowout. Hydrocarbon gas and liquid was released from the well and onto the rig, found an igni-
tion source, and ignited and exploded on the Macondo-Deepwater Horizon (DWH) drilling rig’s 
surface. The resulting explosions and fires led to the subsequent sinking of the rig, the deaths of 11 
individuals, the serious injuries of 17 workers, and a spill of over five million barrels of crude oil, 
causing massive environmental damage. This incident marks one of the worst environmental disas-
ters in U.S. history.
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11. Incident Description
The incident occurred at Macondo well #252, which was located on the outer continental shelf of 
the Gulf of Mexico off the coast of Louisiana. The Macondo- Deepwater Horizon drilling rig was 
owned by Transocean (an international drilling operator) and leased to British Petroleum, which 
was the title holder and chief operator of the enterprise. The incident began as a hydrocarbon blow-
out followed by an explosion. After the exploratory drilling of the Macondo well had been com-
pleted, operations were in the process of being suspended. The activities of the drilling crew shifted 
to the process of Temporary Abandonment to permit the anchoring of a new production platform 
to initiate the routine pumping of crude oil. Temporary Abandonment consists of securing the 
well and removing all equipment above the wellhead.  Once this had been accomplished, the Ma-
condo-Deepwater Horizon drilling rig would have been replaced with a new production platform 
capable of producing hydrocarbons from the well. This description is paraphrased from the CSB 
investigation reports on the Macondo-Deepwater Explosion and Fire Investigation (CSB-Macondo, 
Volumes I and II, 2013-2014).
An early step in the abandonment process called for the installation of a cement barrier at the 
bottom of the well to seal off the hydrocarbon producing zone; however, in this case, the pressure 
testing of the cement job was misinterpreted, and the crew failed to realize that the producing zone 
was not sealed. 
A subsequent step in the abandonment procedure called for the heavy drilling of mud in the well to 
be displaced with lighter seawater. Once this was completed, the pressure at the bottom of the well 
dropped enough to allow hydrocarbons to flow into the well and toward the surface of the Macon-
do-Deepwater Horizon platform. Subtle indications that the well was flowing toward the platform 
were evident from the data sent to personnel onshore; however, the crew failed to detect the hydro-
carbons flowing in the well upwards for a significant period of time. 
The force of the hydrocarbons accelerating upward in the well resulted in drilled mud gushing onto 
the drilling rig floor. A blowout was occurring. The crew took immediate action to close the blow-
out preventer (BOP, a safety structure designed to cut flow) and the seal in the well around the drill 
pipe; however, by this time, hydrocarbons were already passed the BOP and filling the mile-high 
riser connected to the rig. In addition to closing the blowout preventer around the drill pipe, the 
crew also closed the diverter at the top of the riser, an action meant to deflect the blowout to a safer 
location than the rig floor, but the flow from the diverter was left-routed to the default location, the 
mud-gas separator, which was not designed to handle a flow of the Macondo blowout’s magnitude. 
Mud and hydrocarbons rained down onto the rig floor as the mud-gas separator first vented high 
above the deck, shattered by the pressure of the blowout and then mechanically came apart. There 
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were alternate pipes that could have been used to divert the blowout to over the side of the Macon-
do-Deepwater Horizon, but the hydraulically-operated valves for this line-up required manual acti-
vation, which did not occur. The hydrocarbons eventually found an ignition source, and explosions 
and fire ensued.
At some point after the explosions, the flow of hydrocarbons through the blowout preventer (BOP, 
a flow break off safety device) was re-established. Subsequent attempts to activate backup systems 
also failed to stop the blowout. The flow from the well continued from April 10th to July 15th, 2010, 
by which time the oil from the well constituted the largest offshore spill in U.S. history at more than 
five million barrels of crude oil. More importantly, 11 rig workers on the Deepwater Horizon lost 
their lives that day, and 17 were seriously hurt. 
The desire to both understand the root causes of the incident and to prevent similar incidents has 
driven the CSB’s continuing investigation, which has produced two reports (2014), with a final re-
port scheduled to be released in the spring of 2016.
12. The CSB Findings on the Macondo-Deepwater Horizon Investigations
The CSB has identified several deficiencies in the safety management systems that were utilized by 
BP and Transocean at the time of the Macondo-Deepwater Horizon incident. The Swiss Cheese 
Method of consecutive deficiencies was used to illustrate the incident causes shown in Figure 2.3 
(Reason, 2000). Four examples of deficiencies are highlighted. These include deficiencies in hazard 
assessments, procedures, MOC, and incident investigations.
Illustrated by the Swiss Cheese Model, these four deficiencies represent failed layers of protection 
that could have prevented the incident. 
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Figure 2.2 DWH Safety System Deficiencies
Source: CBS Indicators Public Meeting (2013)
The CSB found several instances of inadequate safety management systems on the Macondo-Deep-
water Horizon platform. The investigators concluded that the development of appropriate indica-
tors, in this case process safety indicators rather than personal safety indicators, would have pre-
dicted the failures and prevented the hydrocarbons from flowing to the surface of the rig. The CSB 
observed that indicators can provide insight and can alert personnel to subtle abnormalities be-
fore serious consequences occur. Thus, had indicators been identified and monitored for the safety 
management systems on the Macondo-Deepwater Horizon, perhaps the incident could have been 
avoided. 
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Figure 2.3 Safety Indicators Monitor System Performance
Source: CBS Indicators Public Meeting (2013)
The CSB suggested examples of pertinent safety indicators. These examples, which are provided in 
detail in Figure 2.3, illustrate the ways indicators can be developed to aid performance.
1. Incident investigations, especially into near misses, provide tremendous leading indications 
of risk. A high frequency of near-miss barrier challenges suggests misunderstood risk. It 
also provides a warning against the normalization of deviance, which is an acceptance that 
the activation of a safety barrier is normal. Two previous well-kicks (vigorous hydrocarbon 
escapes from the well) that occurred within the last few months were ignored. Using “num-
ber of kicks” as a leading indicator (such as the time to respond to an actual incident) could 
provide important data to improve well control responses.
2. A proper hazard assessment should identify the initiating events that can cause high-conse-
quence incidents. The associated risk should be evaluated, and the protection barriers that 
prevent a severe consequence should be verified. A good leading indicator could be the fre-
quency of challenges to protection barriers. If they are being challenged frequently, perhaps 
additional secure barriers may be needed.
3. Hazard analyses and MOCs identify activities that are critical to safe operations. A good 
leading indicator could be the percentage of these activities that have up-to-date procedures. 
Initially, this indicator could evaluate whether effective procedures exist. As the safety man-
agement system matures, the indicator could evolve to evaluate whether procedure verifica-
tions and updates occur at proper frequencies.
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4. Comparisons of the number of MOC analyses (special hazard analyses when changes are im-
plemented) completed during pre-engineered and planned activities, such as drilling, across 
different rigs could indicate the health of the MOC system. A higher than average number 
of MOCs might suggest that the well is much different than anticipated and requires extra 
oversight. Conversely, a lower than average number of MOCs could indicate that changes are 
being made that bypass the MOC system. Regardless, an audit of the current versus original 
drill plans would indicate the changes that should have been evaluated, which could also 
serve as a leading indicator of the health of the MOC system.
Based on the results of the investigation, the CSB emphasizes that indicators for these four findings 
can be developed to improve safety system performance and prevent potential catastrophic inci-
dents such as Macondo. These are the performance process safety management indicators that must 
be recorded routinely to develop a baseline and to determine trends. Instead, the CSB’s findings 
show that BP and Transocean’s approach to safety demonstrated a clear over-emphasis on indicators 
of personal safety at the expense of major accident prevention indicators.  
Paraphrasing safety expert Andrew Hopkins, the reality is that companies and their employees tend 
to focus on indicators of safety that are customarily measured at the expense of new indicators that 
are not measured. In this case, an overemphasis on apparently successful personal safety indicators 
leads to complacency when evaluating process safety indicators.
13. World Use of Process Safety Indicators 
Offshore petrochemical drilling operations and trade associations operating in other regulatory re-
gimes outside the U.S. have developed effective indicator programs, and they recognize the value of 
leading process safety indicators and use those indicators to drive continuous improvement. These 
countries (Norway [PSA], the United Kingdom [HSE], and Australia) have a mature offshore oil 
production industry and have integrated the use of performance indicators into their preventive 
safety operations. 
In the UK, the regulator works in a tri-partite group that has established three key performance 
metrics and targets for improvement, such as reducing hydrocarbon releases by a certain percentage 
each year. Norway’s PSA also partners with industry groups and unions in a program that collects 
several leading and lagging indicators, and they assess the health of well safety barriers and other 
leading and lagging performance metrics.
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14. Findings and Recommendations of CSB for the BP Macondo Deepwater Horizon Ca-
tastrophe
BP, the platform owner, and Transocean, the drilling operator, had multiple safety management 
system deficiencies that eventually became root causes of the Macondo incident. Safety approaches 
used by the companies, U.S. regulators, and U.S. trade associations did not adequately focus on 
major accident hazards. Rather, the systems used for measuring safety effectiveness focused on per-
sonal safety and infrequent, lagging indicators.
The CSB has made specific recommendations to the U.S. offshore regulators with the aim to achieve 
a greater impact on major accident prevention through the development of a leading and lagging 
process safety indicator program. 
It was also observed that companies and trade associations that operate in other regulatory regimes 
outside the U.S. have developed effective indicator programs, and they recognize the value of lead-
ing indicators and use those indicators to drive continuous improvement.
15. Key CSB Finding: Personal Safety Indicators Are Not Sufficient to Measure Major Acci-
dent Risks
As part of its public reporting to the Securities and Exchange Commission, Transocean (TO) dis-
cussed how it measures safety performance and presented actual performance through annualized 
statistics. Transocean measured overall safety performance using two metrics: Total recordable in-
jury rate (TRIR) and Total potential severity rate (TPSR).  According to the TO Asset Management 
Handbook’s definition, its potential severity per incident metric “relates only to potential personal 
injury.” (CSBMacondo, Volumes I and II, 2013-2014). Both lagging indicators are descriptive of 
personal safety experience rather than indicators of process safety performance. 
Nevertheless, in the aftermath of the Macondo catastrophe, TO gave itself a zero score for the TRIR 
because astonishingly, the 11 fatalities were not classified as “injury rates.” The TPSR score was high 
enough that its top-level corporate executives received financial bonuses. Safety performance was 
rewarded with monetary bonuses despite the company experiencing its largest multi-fatality inci-
dent with devastating economic, environmental, and human consequences.
Transocean’s Health and Safety Manual states that the “key tools” within its Health and Safety Man-
agement System are indicators specifically focused on managing personal risk—not major accident 
risk. There were also additional behavior-based safety indicators collected by the company (known 
as the START Program) focused on the efforts of the rig crew to plan a work task and the behaviors 
used to carry them out.
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Like the TRIR and TPSR, these tools are specifically focused on managing personal risk—not major 
accident risk. Daily START card completions have been identified by Transocean as a key perfor-
mance indictor and have been included as a corporate measure for rig performance. In summary, it 
was found that the company overemphasized the use of these behavioral programs as their primary 
means of measuring the safety performance of its processes.
16. Conclusions
The prevention of major accidents must be part of the design of a production system.  Using the 
system approach theory, it is possible to improve industrial processes by using safety performance 
indicators (quantitative and qualitative). The definition and analysis of the indicators presented in 
the CSB BP Macondo Deepwater Explosion investigation could then be incorporated into the man-
agement of enterprises by using them as predictive tools to validate prevention strategies. 
Despite some significant progress with process safety indicator implementation in the downstream 
oil industry, in the offshore sector, these critical warnings do not seem to have been heeded to 
prevent catastrophic incidents. Thus, industry management, regulators, and the workforce must 
work together to develop more effective process safety indicator programs for onshore and offshore 
energy operations. 
Catastrophic mishaps deny the very possibility of industrial production with the total breakdown of 
the business enterprise, let alone its sustainability. Management science suggests a system of “social 
accounting” of human enterprises by developing a set of comprehensive indicators to establish what 
is known about progress toward general, acceptable goals in the petrochemical and the industrial 
sector in general. Applying the system approach theory in the development of these indicators will 
define benchmarks and trends of industrial operations that will in turn provide policy makers with 
a method to create and evaluate new catastrophe prevention tools. 
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3. SPRAY POLYURETHANE FOAM AND SUSTAINABLE CONSTRUCTION: CHALLENG-
ES AND OPPORTUNITIES
Anila Bello, Alicia McCarthy, Dhimiter Bello
1. Introduction 
Sustainable construction is the planning, design, and construction of buildings to improve the envi-
ronmental quality (thermal, visual, and acoustic) while being resource-efficient (materials, energy, 
and water) and minimizing the impact on the natural environment throughout the lifecycle of the 
building (UNEP, 2016). The definition of sustainable construction has evolved over time. Original-
ly, the goal was to manage limited resources, such as energy, and to protect the environment, but 
over time, the emphasis has evolved to include materials and construction technology (Buyle et al., 
2013). For the U.S. Green Building Council (USGBC), sustainable construction applies to buildings 
and their sites, interiors, operations, and the communities and people around them. The practice 
involves creating and using healthier and more resource-efficient models of construction, renova-
tion, operation, maintenance, and demolition while considering the environmental health aspects 
of green building (Buyle et al., 2013, USGBC, 2016).  
The terms “sustainable construction” and “green building” are commonly used interchangeably. To 
evaluate the environmental performance of green buildings, the USGBC has established the Lead-
ership in Energy and Environmental Design (LEED) rating system, which is the most widely used 
green building rating system globally. The LEED criteria focus on sustainability, indoor air quali-
ty, materials, resources, energy, and atmosphere. As of August 2015, there were more than 72,500 
LEED building projects located in over 150 countries. According to the USGBC, LEED certification 
of U.S. buildings between 2015-2018 is estimated to deliver $1.2 billion in energy savings, $149.5 
million in water savings, $715.2 million in maintenance savings, and $54.2 million in waste savings 
(USGBC, 2016). 
Climate change has recently been linked to sustainable construction. Countries around the world 
recognize that climate change is a growing threat to the development and welfare of their citizens. 
In the Paris climate conference in December of 2015, 195 countries adopted the first legally binding 
global climate agreement, which established a plan to slow the rate of climate change and rising 
global temperatures. Part of this agreement relies on investments in energy efficient and environ-
mentally friendly construction options that are consistent with sustainable development principles. 
Improvement in energy efficiency can reduce greenhouse gases emissions and their carbon foot-
print in the environment.
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Building insulation is one of the most effective energy efficient technologies that can significantly 
reduce the level of the emission of greenhouse gases. Spray polyurethane foam (SPF) is commonly 
promoted as a “green” building material because its use contributes significantly to home and build-
ing energy savings. The use of SPF has experienced the fastest growing trends in recent decades 
compared to other building insulation products, including fiberglass, rock and slag wool, and blown 
cellulose. In 2015, SPF sales reached about $1 billion, and manufacturers reported 460-490 million 
pounds of SPF sold in the U.S. and Canada (Kavanaugh, 2016). 
The sustainability of SPF has mainly been associated with the energy efficiency of buildings. Energy 
savings resulting from home insulation qualify for tax credits under the American Recovery and 
Reinvestment Act of 2009. The tax break allowed for a credit of 30% for the purchase of energy 
efficient products in 2010 (IRS, 2016).  According to the SPF industry, the sustainability of SPF con-
tributes to energy efficiency, and notable progress has been made (Doug Kramer September 2016). 
Improvements in blowing agent technology is a good example of this progress. Motivated by the 
Montreal Protocol in 1989, which required the elimination of halogenated hydrocarbons known to 
deplete the ozone layer, the use of chlorofluorocarbons (CFCs) was phased out, and the technology 
transitioned to the use of hydro chlorofluorocarbons (HCFCs). In 2014, the SPF industry made the 
official substitution to the fourth generation of blowing agents, hydrofluoroolefins (HFOs), which 
are non-ozone depleters with a lower global warming potential (Doug Kramer September 2016). 
Other advantages of SPF include its ability to adhere to various surfaces, including concrete, wood, 
and steel, which allows for moisture seal and mold prevention. Furthermore, the prevention of ice 
dams has motivated homeowners to insulate their houses with SPF. The demand for SPF insulation 
is higher during the winter months, and this has increased the number of small contractors entering 
the insulation market each year. 
Despite the energy savings, the sustainability claims, and other benefits related to SPF insulation, 
its use is not openly encouraged at the federal level. The Environmental Protection Administration 
(EPA) promotes insulation for energy efficiency purposes, but it remains concerned about the po-
tential toxic health effects of exposure to various ingredients in SPF generated during and possibly 
post-SPF applications (USEPA, 2016).  To summarize the public health concerns related to the use 
of SPF, this chapter provides background information on the types of SPF, the chemical composi-
tions, and the adverse health effects of the chemicals in SPF mixtures.  
2. Spray Polyurethane Foam Products – Chemistry and Technology 
The chemistry of polyurethanes was invented in 1937 in Germany. The first product created in 1953 
was applied as a liquid, and it expanded into foam (Bayer Material Science). In the U.S., the demand 
for SPF increased sharply during the 1970s due to an energy crisis. Energy savings from SPF appli-
cations in roofing were first documented in the 1980s. 
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Polyurethane foam is produced as a result of an exothermic reaction between isocyanates and poly-
ols in the presence of catalysts. SPF products typically consist of two-part systems, Part A and Part 
B, which are combined at a 1:1 ratio at the time of application. The Part A component includes an 
aromatic isocyanate (discussed later), whereas the Part B component usually consists of a mixture 
of chemicals that contain polyols, catalysts, blowing agents, flame retardants, and surfactants (Son-
nenschein, 2014). 
During the application process, Parts A 
and B are pumped from the supply tanks 
and distributed through hoses to the spray 
gun. The initial reaction of the A and B 
sides begins at the spray nozzle when both 
parts are mixed in real time. The exother-
mic polymerization (curing) process be-
gins immediately. Distributed in a stream 
flow, the foam vigorously expands as it 
reaches the intended surface. The curing 
rate, which is the time required for the 
foam to fully polymerize, largely depends 
on the SPF formulation chemistry and en-
vironmental conditions, such as tempera-
ture and humidity. The polymerization of 
the SPF begins within seconds of the initial 
mixture and may be completed between a 
few hours and 48 hours depending on the 
product type. Once the SPF has been ap-
plied, expanded, and cured, the foam sur-
face can be trimmed or cut to remove ex-
cess foam from certain surfaces and/or to 
create a flat surface against the studs. Ex-
cess SPF is disposed of as regular non-haz-
ardous waste. Figure 3.1 depicts a typical 
SPF application. Trimming is shown in 
Figure 3.2. 
There are several types of SPF used for in-
sulation and roofing systems. These clas-
sifications are related to the density of the 
Figure 3.1 Spray foam insulation of (A) a new 
building (open-cell type) and B) the basement 
of an old house (also open-cell). The second 
worker in (A) is trimming the foam with a 
blade saw.
Source: Author’s own elaboration
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material and cell structure. Open-cell SPF is commonly used in residential buildings and has a 
nominal density of 0.4-0.7  pounds per cubic foot (pcf) (SPFA, 2012). The insulation power is de-
termined by the R value, which is estimated based on the thermal conductivity per inch of material. 
Higher R values indicate better insulation. The R value for open-cell foam ranges from 3.6-4 per 
inch thickness. Water is often used as a chemical blowing agent for this type of SPF insulation. The 
water reacts with the isocyanate to form carbon dioxide gas that expands the mixture into foam. 
Due to its open cell structure, this type of SPF insulation is filled with air and therefore has a similar 
thermal conductivity to fibrous insulations (SPFA, 2012). Closed-cell SPF has a nominal density of 
1.7-2.3 pcf and a structure in which more than 90% of the cells are closed, making it more resistant 
to moisture. The composition of closed-cell foam includes physical blowing agents, such as fluo-
rocarbons, which are volatilized from the heat of reaction and are retained within the closed cells, 
resulting in lower thermal conductivity and better insulating performance with R values ranging 
from 5.8 to 6.8. The high density and the ridged structure of closed-cell SPF can also provide addi-
tional structural integrity for a building. The SPF Roofing System is similar to the closed-cell SPF 
in structure, but it has a much higher density to provide the higher compressive strength required to 
support a low-sloped roof. The density of roofing SPF ranges from 2.5 to 3.5 pcf. Once the roofing 
SPF is cured, it is covered with a protective surface. Typically, a spray applied elastomeric coating is 
used to provide increased durability, weatherproofing, and aesthetic appearance (SPFA, 2012). 
Commercially available SPF systems in-
clude: i) two component high-pressure sys-
tems, ii) two component low-pressure sys-
tems, and iii) single component systems. 
Professionally trained contractors primar-
ily use the high-pressure systems in com-
mercial applications, which feature a more 
proportioned system. This system is com-
prised of two 55-gallon drums containing 
the two-part, A-side and B-side, chemical 
components as well as a high-pressure 
air compressor, a computer aided reactor 
(mixer), hoses, and spray guns.  Supplied 
air respirators (SAR) and ventilation fans 
are also common auxiliary components. 
The total system is usually transported in 
an enclosed trailer unit. Two component, 
low-pressure systems are available “off the 
shelf ” to private consumers. These syste-
Figure 3.2 Trimming and removal of closed-cell 
foam using a powered brush tool.
Source: Author’s own elaboration
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polyoms are similar to the high-pressure systems but are typically distributed in smaller volumes, 
three to five-gallon size (each side), used for smaller insulation jobs. A complete system includes 
two cylinders under pressure, a gun hose assembly, and spray nozzles. Single component foam 
systems can be purchased “off the shelf ” in 12 or 24 oz. cans. They contain the isocyanate (MDI), 
which undergoes further reaction when exposed to ambient moisture. Single component systems 
are typically used for smaller patching jobs or gap filling.
3. Chemical Composition of Spray Polyurethane Foam
Part A components:   
Isocyanates. Isocyanates are highly reactive chemicals of low molecular weights containing the 
functional group N=C=O. Isocyanates are either aromatic (one or more aromatic rings) or satu-
rated (aliphatic and alicyclic). Isocyanates are classified based on the number of N=C=O groups 
in the molecule into monoisocyanates (one NCO), diisocyanate monomers (two NCO), or poly-
isocyanates (multiple NCOs). Two NCO groups in diisocyanate monomers allow them to undergo 
direct polymerization reactions with alcohols to form polyurethanes. Polyisocyanates formed by 
the condensation of up to 10 monomeric isocyanates are called oligomers. Polyisocyanates contain 
multiple free NCO groups and can further react with other active hydrogen compounds, such as 
polyfunctional alcohols (polyols) or amines, to form polymeric products of even greater complexi-
ties (Sonnenschein, 2014, Meier-Westhues 2007). The most common isocyanate species used in part 
A SPF formulations are 4,4’ diphenylmethane diisocyanate (MDI) and polymeric MDI (pMDI). 
pMDI contains about 50% MDI (two aromatic rings), and the rest is comprised of higher molecular 
weight oligomers (three, four, and five rings).
Part B components:   
The B-side is a mixture composed of polyols, catalysts, blowing agent fire retardants, surfactants, 
and other minor additives (Bayer Material Science, Meier-Westhues 2007, Sonnenschein, 2014). Ta-
ble 3.1 summarizes the main components and their percentages in Part B mixtures of three types 
of foams. 
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Table 3.1 Part B formulations of spray polyurethane foam (Bayer Material Science)
Chemical Low density foam Medium density foam Roofing
Polyol-Polyester - 45.0% 35.0%
Polyol Polyether 35.0 % - -
Fire Retardant -TCPP 25.0% 4.0 % 8.0%
Fire Retardant - Brominated - 6.0% -
Blowing Agent –Reactive 
(H20) 23.5% 2.0% 1.6%
Blowing Agent (HFC) - 8.5 % 7.5%
Catalyst-Amine 6.0% 3.0% 2.0%
Catalyst –Metal - 0.5% 0.4%
Surfactants 0.5% 1.0% 1.0%
Polyols are the main active ingredient of Part B. They crosslink with isocyanates to form a polymer-
ic network and comprise about 35-45% of part B mixtures. Two types of polyols are commercially 
available, polyethers and polyesters. Polyethers are more commonly used due to a lower cost and 
greater stability. Glycols, such as ethylene glycol and 1,4 butanediol, have lower molecular weights 
compared to the polyols and are used for chain extensions. 
Amine catalysts may be primary (NH2), secondary (-NH-), or tertiary (-N-) depending on their 
chemical structure. They are typically found in 2-6% of the total formula. Catalysts are used to 
control the speed of the polymerization reaction and the curing rate of SPF. The catalytic activity 
of amines is based on their free pair of electrons from the nitrogen atom. Amine catalysts with low 
boiling points, such as triethylamine, are volatilized during the exothermic reaction. 
Blowing agents can be low boiling solvents that act as the principle source to blow the foam. When 
the main isocyanate-polyol reaction occurs, the temperature reaches 1300C, which is high enough 
to vaporize the solvent and to provide supplementary gases that expand the foam. The typical per-
centage by volume of blowing agents found in the B side ranges from 1-23%. Water also serves as a 
blowing agent for open cell foams. Water-isocyanate reactions release CO2, which in combination 
with blowing agents produces softer foam. Examples of physical blowing agents include hydroflou-
rocarbons (HFCs), such as trans-1,2-dichloroethylene. Until the early 1990s, the primary blowing 
agent was chloroflorocarbon CFCl3, but it was phased out in 1995 due to environmental concerns 
regarding ozone layer depletion.
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Fire retardants are used in foam insulation to meet fire code requirements. Foam insulation with 
flame retardants may catch fire and burn vigorously, produce a thick black smoke, and spread the 
fire to other combustibles. Flame-retardants are used at 4-25% of the B side formulation. The most 
common flame retardant is tris 1-chloro 2-propyl phosphate (TCCP), which is a chlorinated or-
ganophosphate. 
Surfactants are added to modify the size and integrity of foam cells during foam expansion. Their 
function is to reduce the surface tensions, emulsify the mixture, stabilize cell walls during foam cre-
ation, and reduce the effects of any solids in the mixture. Surfactants comprise ~ 2% of the B side. 
The most commonly used are non-ionic surfactants.
4. Health Effects Associated with Exposure to Spray Foam Insulation Chemicals 
Isocyanates: Exposure to isocyanates in the SPF industry is largely dependent on the species found 
in the formulation. Isocyanates can be generated during the application process in the forms of 
vapors, aerosols, and dust. Workers are potentially exposed to unreacted monomers, prepolymers, 
and polyisocyanates during mixing, formulation, and application tasks. Acute exposure to MDI can 
cause sensitization and asthma in humans. Dermal contact can cause skin irritation and contact 
dermatitis. Isocyanate exposures are the leading cause of occupational asthma. Both inhalation 
and dermal exposures to isocyanates are believed to contribute to the development of occupation-
al asthma (Bello et al., 2007). Chronic inhalation exposure has been linked with other respiratory 
conditions among exposed workers. Individuals already sensitized at exposure levels above the oc-
cupational standards may develop symptoms even at very low exposure levels to MDI (Redlich  et 
al., 2006). Occupational exposure is a concern because sensitization or asthma has developed even 
in cases when occupational exposure is below standards (Wisnewski et al., 2013). Data from animals 
suggest that occupational exposure to MDI can increase the risk of cancer; however, epidemiolog-
ical studies have yet to establish any evidence. Although EPA has classified MDI as a Group D, not 
classifiable as a human carcinogen, the aromatic isocyanates may be potential carcinogens based on 
comparisons of TDI carcinogenic effects (U.S. EPA, 2011). 
Amines catalysts: Exposure to airborne amine catalysts may result in irritation to the eyes, skin, and 
respiratory system (Michelotti et al., 2015). Acute Inhalation has been known to cause glaucopsia, or 
“halo vision,” in the eyes, and this effect is characterized by fogging of the vision due to the swelling 
of the outer layer of the cornea. Skin contact may cause irritation and burns, including redness and 
swelling. Additional symptoms may include chest pain, circulatory collapse nausea, and gastroin-
testinal bleeding. Bis(2-dimethylaminoethyl) ether, a tertiary amine commonly used in formula-
tions, has been known to contribute to overall exposure through the cutaneous route, including 
mucous membranes and the eyes, due to contact with vapors, liquids, and solids (U.S. Consumer 
Product Safety Commission, 2012).
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Flame Retardants used in spray polyurethane foam are mostly halogenated compounds. Brominat-
ed and chlorinated flame retardants are recognized as global contaminants that attribute to adverse 
health effects in both animals and humans. Health effects include cancer, reproductive or devel-
opmental disorders, and impacts on neurologic functions. Other adverse health effects associat-
ed with flame retardants include endocrine and thyroid disruption (WHO, 1998). Tris 1-chloro 
2-propyl phosphate (TCCP) is the most commonly used flame retardant in spray foam insulation. 
Data from the U.S. EPA Chemical Data recording database show that in 2012, nearly two million 
pounds of TCPP were used for construction products. According to the US EPA, TCPP exposure in 
experimental animals was shown to cause adverse health effects on reproduction, developmental, 
and neurological systems. It is important to note that TCEP and TDCPP, which share structural 
similarities to TCCP, are listed as substances known to cause cancer in human under California 
Proposition 65 (US EPA 2011). 
Blowing Agents: The first generation of blowing agents was composed of chlorofluorocarbons 
(CFCs), which have extremely high ozone depletion potential. The second generation was hy-
dro-chlorofluorocarbons (HCFCs); however, because HCFCs were found to have high global warm-
ing potential, they were substituted by the next generation of blowing agents, hydrofluorocarbons 
(HFCs), which are commonly found in modern-day SPF products. HFCs’ potential for greenhouse 
gases and contributions to global warming (SPFA, 2012) are higher compared to carbon dioxide’s 
impact, and they can persist in the environment for a long period of time (up to hundreds of years). 
Excessive exposure to HFCs can also be damaging to the brain and heart, and their carcinogenicity 
is still under debate (Howard et al., 1996). In 2014, the SPF industry made the official substitution to 
the fourth generation of blowing agents, hydrofluoroolefins (HFOs), which are non-ozone depleters 
with a lower global warming potential.
Glycols and glycol ethers are commonly used in the B-side formulations for SPF. The SDS supplied 
by the foam manufacturers often lists them as a trade secret under the generic name of “glycol de-
rivative”. Health effects for repeated exposure from ingestion and inhalation to ethylene glycol in-
clude eye lacrimation, general anesthesia, respiratory stimulation and effects to the central nervous 
system. It is considered a skin, eye, and mucous membrane irritant (USEPA, 2000).  
5. Public Health Concerns 
The majority of health concerns surrounding SPF applications relate to isocyanates (A part), and 
they include occupational asthma, hypersensitivity pneumonitis, skin contact dermatitis (allergic 
and irritant), and irritation of the skin, eyes, mucus membranes, and the respiratory tract. Much less 
is known about exposure and the adverse health effects of Part B components. The known health 
impacts include potential sensitization by certain amine catalysts, eye and upper airway irritation 
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(amines), respiratory irritation (ethylene glycols), and possible endocrine disruption (by flame re-
tardants). 
Concerns related to consumer exposure 
Emissions or off-gassing of chemicals from SPF can increase the risk of exposure to homeowners 
and other building occupants even after SPF application (Redlich  et al., 2006). Although published 
data are limited in the literature, 24 hr after the SPF application, airborne isocyanate concentrations 
are non-detectable if the foam has been applied according to the manufacturer’s recommendations. 
It is generally believed that SPF application conditions that are out of the required specifications 
(such as the A/B off ratios) and lower application temperatures can play important roles in faulty 
SPF applications. An improper balance between the A- and B-sides may lead to much higher isocy-
anate exposure during application or to emissions of some of the additives post-application. 
A recent study by Huang and Tsuang (2014) presented a number of health effects reported by 13 
adults after SPF application in 10 residential houses. Among the symptoms, the homeowners report-
ed acute burning eyes, sinus congestion, throat irritation, cough, and chest tightness. The symptoms 
disappeared after they left their homes but reoccurred when they returned. Three subjects reported 
gastrointestinal symptoms and skin rashes. The authors explained that these concerns were genuine 
and were not driven by any monetary compensation. According to the data, these homes were im-
properly retrofitted, and product mixing and ventilation were not performed according to the rec-
ommendations. In most of the cases, the homeowners did not leave their homes while the SPF was 
being applied. In two cases, the spouses were not in the homes during the spray application and did 
not show any symptoms, suggesting that the risk could be reduced if homeowners are not allowed 
to be in the home during SPF insulation. 
Several case reports have indicated that homeowners complain about the unpleasant odors, such 
as “fishy” and “ammonia-like” smells, that can persist for several months after SPF application. 
Because isocyanates are reactive chemicals, these odors may not be due to the isocyanates but to 
the chemicals from the B-side, such as amine catalysts; however, the compounds responsible for 
the symptoms reported are unclear. Emissions of VOC after application could cause homeowners’ 
symptoms; however, further research is needed to identify the specific VOC. Exposures to MDI 
could be responsible for the symptoms if the residents are present during application; however, 
MDI has not been found in indoor air after SPF application has cured. The “safe re-entry time” for 
residents, i.e., time post-SPF application that is deemed safe for building re-occupancy, is often 24 
hr for two component SPF applications. Although it is recommended that residents should not be 
present inside the building during the SPF application, this cautionary information is not always 
provided to consumers.
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The SPF industry has recently established guidelines for SPF applications that could help home-
owners, and professional certification programs for contractors are offered (http://www.sprayfoam.
org). The spray foam website provides information about health concerns and actions that can be 
taken to prevent exposure to SPF for both homeowners and professionals. Furthermore, there is a 
risk of exposure for “Do It Yourself (DIY)” consumers who use low pressure two-component foams 
or one component insulating sealants. The industry provides guidance regarding the application 
process and ways to protect users from exposure, and it is also recommended that homeowners 
consult these websites before using DYI products; however, it is likely that consumers are not aware 
of hazards from products containing uncured MDI because they do not always read product labels.
The U.S. EPA provides online support with important information for homeowners and the pub-
lic to prevent exposure to SPF. Homeowners have access to checklists that help consumers avoid 
potential risks from SPF. In cases of health concerns, the EPA recommends that consumers file an 
incident report with the U.S. Consumer Product Safety Commission on SaferProducts.gov. In April 
2011, the EPA announced an action plan focused on the potential health effects that may result from 
exposure to consumers using products containing uncured MDI or incidental exposure to the gen-
eral population while such products are used in or around buildings, including homes or schools 
(US EPA, 2011). Furthermore, MDI is regulated under the Clean Air Act as a hazardous pollutant. 
The Toxic Control Act (TSCA) section 8 (e) requires chemical manufacturers, importers, distrib-
uters, processors, and applicators to inform the EPA of the usage of isocyanates and other SPF 
compounds. In 2009, a partnership between the EPA, OSHA, NIOSH, and the Consumer Product 
Safety Commission was established to address exposure to isocyanate and other chemicals during 
SPF application. These agencies are working with the industry to ensure hazard alertness and that 
best practices are followed to prevent exposure (U.S. EPA, 2011). 
Occupational exposure concerns 
Occupational exposure to SPF components occur during both its production and application, 
mostly through breathing aerosol particles during application and through skin contact. Exposure 
during application can impact workers who perform spraying as well as bystanders present in the 
building (e.g., electricians, plumbers) because the aerosol particles generated can travel throughout 
the area. Self-employed workers are at a high risk because they are not subject to OSHA occupation-
al exposure limits and are not required to receive health or safety training. Workers with histories of 
respiratory allergies, asthma, or prior isocyanate sensitization are at a higher risk for adverse health 
effects. Several factors can determine worker exposure, including indoor or outdoor application, 
ventilation, time of year conditions, type of foam, e.g., open or closed-cell foam, and training and 
experience with the applicators. An improperly balanced mixture of the A- and B-sides may also 
lead to off-gassing of chemicals for months or even years, although the exact length of time is not 
known. 
59
Exposure data to SPF components other than isocyanates in humans, including in occupational 
settings, are still lacking. Most existing SPF exposure data relate to isocyanates.  Lesage et al. (2007) 
reported airborne exposure to MDI during spray foam insulation in five residential homes in the 
U.S. and Canada. Concentrations of MDI for personal samples ranged from 0.07-2.05 mg/m3, and 
the majority exceeded the OSHA PEL celling of  0.2 mg/m3 and decreased rapidly after application 
(Lesage  et al., 2007). Lower exposure levels for SPF applicators have been reported by Bilan et al. 
(1989) and Crespo and Galan (1999), with the highest values of 1.32 and 0.4 mg/m3, respective-
ly. Several more recent studies have focused on assessing the levels of urinary biomarker of MDI 
(the corresponding diamine MDA) to evaluate the efficacy of controls in the workplace. A study 
in France found higher post-shift MDA levels among 169 workers exposed to MDI than pre-shift 
(Robert et al., 2007), indicative of isocyanate uptake. A study in Finland measured dermal and in-
halation exposure to MDI during polyurethane applications, with and without respirators, as well as 
urinary MDA, and found low MDA urinary levels, but MDA excretion patterns post-shift suggested 
possible MDI dermal uptake (Henriks-Eckerman et al., 2015).
The Center for Disease Control (CDC) has reported several case studies on worker exposure to 
MDI in various workplaces. In one case, a maintenance worker was exposed and became ill after 
repairing an MDI foaming system in 1994. The worker suffered from reoccurring respiratory illness 
due to isocyanates. Although the worker quit his job after being diagnosed with symptoms relat-
ed to exposure, he experienced coughing and loss of lung function. His condition worsened with 
weakness, sweats, muscle aches, and shortness of breath. After his death, the worksite was evaluated 
and was found to have detectable air concentrations of MDI due to a lack of proper ventilation 
systems in the foaming maintenance area. Employees who worked with the foam reported seeing 
vapors and aerosols rising into the faces of employees as well as skin contact with the curing foam. 
Reducing airborne exposure from SPF insulation requires the careful use of personal protective 
equipment (PPE), such as Tyvek coveralls, head and shoe covering, gloves, and supplied air respi-
rators (SAR).  Disposable polypropylene suits should be used to avoid exposure rather than street 
clothes, and gloves should be made from nitrile or butyl rubber. Workers should wear full-face 
respirators or chemical safety goggles with a respirator when handling or applying SPF. Particle 
filters will not protect workers from MDI vapors. Combination N-95 filter/organic vapor cartridges 
(OVC) are often used in the workplace. SARs provide more protection compared to OVC respira-
tors. Workers should wash their hands before and after breaks and when leaving work. For outdoor 
work, workers should stop spraying under windy conditions to avoid bystander exposure.
Federal and state regulations help protect workers from SPF chemical exposure. OSHA has es-
tablished a permissible exposure limit (PELs) for exposure to MDI. When occupational exposure 
levels exceed the PELs, the use of PPE is required when engineering controls (e.g., ventilation) or 
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administrative controls are not feasible (OSHA, 2013). Table 3.2 presents the relevant occupational 
exposure limits for aromatic isocyanates set by different regulatory national and international agen-
cies (Bello et al., 2004). Table 3.3, which was prepared by the American Chemistry Council (2011), 
reports the occupational standards set for some polyurethane amine catalysts (U.S. Consumer Prod-
uct Safety Commission, 2012). OSHA requires that employers who work with hazardous substances, 
such as isocyanates, are trained to work with them safely, that they must make safety data sheets 
available, and that respiratory protection should be available and provided to employees. 
Table 3.2 Current U.S. (OSHA, NIOSH, ACGIH), UK-HSE, and Swedish occupational exposure 
limits (OEL) (mg/m3 air) for aromatic isocyanates. Bracketed values represent the equivalent 
standard in mg NCO/m3
Isocyanate Species
























TDI - 140 (68) CA-LFC
a - 36 (17)
140 
(68) - - - -






(17) - - - - -
Universal 
Standard 
To t a l 
NCOb - - - - - (20) (70) (20) (44)
a) NIOSH considers TDI to be an occupational carcinogen (CA) and recommends that exposures be reduced to the lowest 
feasible concentration (LFC).
b) Total reactive isocyanate group in mg NCO group/m3. The standard applies to all isocyanate species (monomers, polyiso-
cyanates, and their mixtures) regardless of their origin. 
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Table 3.3 Permissible exposure levels and threshold limit values of some polyurethane
amine catalysts (A)
Chemical Name CASRN
Exposure Limit, ppm (Source)





N-ethylmorpholine 100-74-3 20 ppm Skin
2 
(OSHA) NR NR
5 ppm Skin1 (AC-
GIH)
Triethanolamine 102-71-6 NR NR NR 5 mg/m3 (ACGIH)
Dimethylamino ethanol, 2- 108-01-0 NR 6 ppm (Ontario) NR 3 ppm (Ontario)
N,N-Dimethylaminopropyl-
amine 109-55-7 NR NR NR 0.5 ppm (ACGIH)
Diethanolamine 111-42-2 NR NR 1 mg/m
3 
(ACGIH) 3 ppm (ACGIH)
Triethylamine 121-44-8 25 ppm (OSHA)
3 ppm 
(ACGIH) NR NR
Triethylenediamine 280-57-9 NR NR NR 1 ppm Skin1 (On-tario)
Bis (2-Dimethylaminoethyl) 
ether 3033-62-3 NR
0.15 ppm Skin1 
(ACGIH) NR
0.05 ppm Skin1 
(ACGIH)
1 Potential for significant contribution to overall exposure by skin.
2 Substance that may be absorbed through the skin.
PEL = permissible exposure limits                                                           
STEL = short-term exposure limits                                                           
TWA = time-weighted average
TLV = threshold limit values
NR = Not reported
OSHA= Occupational Safety and Health Administration                               
ACGIH = American Conference of Government Industrial Hygienists
Ontario = Ontario Ministry of Labor in Canada
Reference (US Consumer Product Safety Commission, 2012): Status Report Staff Review of Five 
Amine Catalysts in Spray Polyurethane Foam.
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6. Safer Alternatives to Spray Polyurethane Foam
Based on the increasing knowledge of the health risks and environmental impacts of SPF products 
and applications, several manufacturers are attempting to identify safer ways to produce and install 
insulation. Innovative engineering controls designed to reduce exposure in the workplace include 
the use of robots, mostly during SPF rooftop applications. In Europe, robot solutions are being 
implemented for building, maintenance, and upgrades in construction. The robots can enter crawl 
spaces and other areas where human access during application is hazardous. 
Safer alternatives to conventional polyurethanes have been reported by in several publications 
(Figovsky et al., 2013, Javni et al., 2008).  Advances in technology have allowed for the development 
of non-isocyanate polyurethane materials based on cyclic carbonate oligomers. Non-isocyanate 
polyurethane foams are obtained through the reaction between polycyclic carbonate oligomers and 
polyamines, which form polyhydroxy-urethane polymers. Figovsky et al. (2013) suggested that the 
production of the non-isocyanate polyurethanes is relatively safe for humans in comparison to the 
production of conventional polyurethanes. In 2015, Hybrid Coating Technologies/Nanotech Indus-
tries, California, received an award from the EPA for the Presidential Green Chemistry Challenge 
for designing the first hybrid non-isocyanate polyurethane, or “green polyurethane”; however, part 
A of this formulation contains skin irritants that can potentially cause allergic reactions upon expo-
sure due to the similarity to isocyanates. Part B is moderately toxic with skin absorption and highly 
corrosive to the eyes, respiratory tract, gastrointestinal tract, and skin. The health effects of the part 
B ingredients of this green polyurethane formulation cannot be reviewed because the SDS sheets 
indicate that the ingredients are trade secrets.
Soy-based polyol alternatives have been promoted as “safer” and “green” because they are bio-based 
ingredients. Soy-based SPF is becoming more common among manufacturers as the information 
on SPF toxicity is made more publicly available. The percentage of soy within these SPF products is 
only around 10%-20% of the product. This type of SPF comes in both open and closed-cell forms, 
but it achieves a higher R-value compared to other SPFs on the market and uses less materials. 
Substitution with safer products is a highly desirable exposure elimination or reduction strategy; 
however, using a different chemical or product does not necessarily mean it is safer. Insulation 
products that are green may still contain toxic chemicals with known adverse health effects or with 
limited toxicity data. While researching and developing safer alternatives is highly important, the 
focus on the safe use of existing spray polyurethane foam products remains essential to reduce or 
eliminate the risks. 
Spray foam insulation is a good example of a high quality-insulating product that relies on isocya-
nates, one of the most potent chemical sensitizers known to man. While SPF can be used safely, its 
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history of the past few decades illustrates the various challenges in maintaining a balance between 
product formulation and performance, raw material input and occupational health issues arising 
during its application. These aspects of product development and stewardship are important con-
siderations in the sustainability efforts and require continuous attention, especially when new ap-
plications and or formulations enter the marketplace. 
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4. EVALUATING CLEANER PRODUCTION INTERVENTIONS  
IN A MEDIUM SIZE COMPANY
Biagio F. Giannetti, Cecilia Maria Villas Boas Almeida, Feni Dalano Roosevelt Agostinho, 
Jose Fernando Faro, Fabio Sevegnani
1. Introduction
Based on case studies in Brazil waste minimization programs and CP practices could generate 
promising results in reducing pollution at low costs (CETESB, 2002); however, medium-size in-
dustries are hindered from implementing the practices due to various attitudinal, organizational, 
technical, and economic barriers. In São Paulo, Brazil, educational initiatives that describe the en-
vironmental and financial benefits of CP are encouraged by CETESB (Environmental Sanitation 
Technology Company), which is the state environmental agency that monitors CP projects within 
companies and shares the data with other companies to explain the benefits (CETESB, 2002). Proj-
ects monitored by the CETESB have a good chance of success because companies that volunteer 
to participate can improve their environmental performance, increase innovation, and have access 
to the CETESB’s advisors; however, several initiatives are still adopted without this type of sup-
port, resulting in improvements that are not properly documented and therefore do not effectively 
encourage companies to incorporate elements of CP in their routine procedures. Moreover, most 
large-scale industry reports remain unpublished due to confidentiality.
The adoption of environmentally sound technological solutions based on scientific research is an-
other relevant strategy that should be addressed. To accomplish the necessary changes, academic 
results and insights can be integrated into the industry, and based on the sets of experiences, it 
would be easier to restructure concepts and principles. Most of the initiatives in Brazil regarding CP 
are still dependent on academic groups that share the concepts with their communities. The group 
from Paulista University promotes the International Workshop Advances in Cleaner Production 
every two years (www.advancesincleanerproduction.net). This multi/interdisciplinary forum was 
designed for the exchange of information and research results on technologies, concepts, and pol-
icies based on CP and was conceived to assist the desired transition to a sustainable society. This 
group has also developed a series of theses, dissertations, articles, and books on environmental 
concerns (Carvalho, 2015; Di Salvo, 2015; Oliveira, 2015; Lupinacci, 2015; Coelho, 2014; Tassinari, 
2013; Mariano, 2013; Sevegnani, 2013; Demétrio, 2012; Di Augustini, 2012; Frugoli, 2012; Simões, 
2012; Demétrio, 2011; Vendrametto, 2011; Frimaio, 2011; Ferreira, 2011; Lima, 2011; Faro, 2007; 
Giannetti et al., 2011a, 2011b, 2013a, 2013b, 2013c, 2015; Almeida et al., 2011, 2012, 2013a, 2013b, 
2013c, 2015; Agostinho and Ortega, 2013; Agostinho and Siche, 2015; Agostinho et al., 2013, 2015; 
Mariano et al., 2015; Di Augustini et al., 2015; Frugoli et al., 2015; Frimaio et al., 2011; Giannetti and 
Almeida, 2006; Giannetti et al., 2016). 
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It is known that cleaner technologies and practices are diffusing comparatively slowly in general 
despite the benefits that have been documented in systems in which they have been implemented 
(Giorgio et al., 2009). It is also argued that the implementation of CP programs is no guarantee 
of continuity in environmental progress in itself unless management systems are used to ensure 
that the activities are continuous and systematic (Zwetsloot, 1995), and it is critical to measure the 
results of CP practices. Identifying appropriate indicators that address both the productivity and 
environmental aspects of a system is still a challenge. The indicators should not only enable the esti-
mation of the CP practices suitable for a product or process and comparisons with other equivalents 
but also the quantitative measurement of improvements of the existing process or product, which 
would facilitate the development of new products. 
In this context, the need for using appropriate methodological tools to correctly assess the real 
environmental costs and benefits of any practice, support decision making, and identify where im-
provements need to be made is acknowledged. The use of performance indicators within medi-
um-size enterprises can help monitor and compare the environmental-economic improvements 
systematically as a first step toward a more complex evaluation; however, environmental-economic 
improvement is a rather general term that can include raw material and energy use, aspects that 
affect worker health and safety, discharges to air, water, and land, including solid waste for landfill 
disposal, and the environmental impact of products during use and disposal (Roberts, 1996). Thus, 
there are several approaches to determining the optimum level between economic and environmen-
tal aspects. One is to perform an impact assessment to evaluate the most environmentally benign 
system among the design alternatives (Shonnard and Hiew, 2000; Nielsen and Wenzel, 2002). A 
second approach is based on process integration methodologies for final comparative assessments 
(Bagajewicz, 2000; Rossiter and Kumana, 1995; Alva-Arga’ez et al., 1998; Telukdarie and Haung, 
2006; Erol and Thorming, 2005). 
The present chapter analyzes the use of resources in a non-cyanide alkaline industrial system with 
chromate conversion coating located in São Paulo, SP,Brazil. The process change to the organo-me-
tallic technology aims to provide environmental benefits due to the non-use of chrome. To assess 
the potential technology change, emergy accounting was used for a quantitative environmental 
assessment to compare two different processes used for metal fastener coating. The emergy corre-
sponding to the damage to human health or the number of years of life lost due to the emission of 
chromium to water was also evaluated.
A case study that describes the experiences of a medium-size company that adopted different CP 
concepts as tools for environmental management in a joint action with the researchers of Paulista 
University is presented. CP concepts were used to achieve the reduction or elimination of hazardous 
materials used as raw materials for the production process. In addition, the changes in the input ma-
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terials would also eliminate the generation of hazardous waste during the production process. Due 
to the need to substitute the toxic input by imposition of the costumers, the company intended to 
apply CP concepts to replace the existing technology. Technology change is a well-known strategy 
used by CP practitioners, and it refers to modifications in the process and/or equipment to increase 
production efficiency and reduce waste and emissions. These changes can range from small, low-
cost options to the replacement of processes that involve large capital investments. A technology 
assessment was conducted using emergy accounting to evaluate the efficiency and the disavantages 
of each technology. An evaluation of the environmental services used to dilute the release of toxic 
substances in the effluent was also performed.
An example of the application and evaluation of CP options (good operational practices, material 
and raw material changes, technological modifications, and product change) is presented to mo-
tivate product manufacturers to prioritize environmental performance and assessments and their 
products and services equally as well as to save manufacturers substantial time and efforts during 
their first attempts to implement CP actions.
2. Emergy Accounting
Emergy accounting was used to evaluate the company in the case study, as it provides strong scien-
tific-based indicators that can assess several aspects of the company’s performance.
Emergy is the available energy of one kind previously used up directly and indirectly to make a ser-
vice or product. Its unit is the solar emergy joule, sej. (Odum, 1996). Emergy’s logic of memoriza-
tion rather than conservation is different from other energy-based analyses (Brown and Herendeen, 
1996). An emergy synthesis separates renewable (R) from non-renewable inputs (N) and local (I = 
N + R) from external inputs (F). These distinctions allow for defining several emergy-based indica-
tors that can support decision making (Brown and McClanahan, 1996) (Figure 4.1).
Emergy indicators (unit emergy value [UEV]) and emergy yield ratios (EYR) include the aspects 
of environmental sustainability issues regarding resource use, its origin, and process efficiency in 
converting inputs into outputs. The total emergy per unit of product or service (UEV expressed in 
sej/unit) is a measure of global efficiency. The less emergy needed to produce a given amount of 
product, the more efficient (in relation to the biosphere) the system will be. 
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Figure 4.1 Three Arm Energy System Diagram. R (renewable resources), N (non-renewable 
resources), F (feedback from the economy), Y (yield).
EYR is the ratio of total emergy (Y = R + N + F) to the emergy purchased from the market (F). This 
index shows the efficiency of the system in the use of the available local resources. 
Emergy accounting allows for the conversion of all contributions received by the production sys-
tem (metals, energy, oil, money, and even information) on a single basis of measurement: the solar 
energy joule (sej). Systems under study can be compared regarding efficiency in resource use, pro-
ductivity, environmental burden, and global sustainability.
The evaluation procedure applied is performed according to the following steps:
 § Definition of the system under study to set the boundaries for investigation;
 § Study of the context in which the system is inserted and execution of the mass balance;
 § Elaboration of energy flow diagrams;
 § Elaboration of emergy tables with data collected;
 § Emergy Indicators Calculation;
 § Discussion for future management actions and decision-making.
3. The Case Study of the Medium-Size Metal-Finishing Company
The application of sacrificial coatings onto steel and other ferrous substrates has long been estab-
lished as an effective and reliable standard of the industry for corrosion protection. Due to its low 
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cost, zinc has been used as the predominant coating. Approximately 30% of the zinc used by the 
automotive industry is used for coatings, which allows manufacturers to warranty their vehicles up 
to 12 years against corrosion. In 1996, 494,000 metric tons were used by the automotive industry 
globally, which was 6.6% of 1996’s total global zinc consumption (Johnston, 1999).
The application of zinc electroplating is evident in everyday life and ranges from cars to the fas-
teners that hold their parts together. The automotive and fastener industry are two of the largest 
consumers of zinc electroplated goods (Johnston, 1999).
Most developments in this area focused on improving corrosion resistance and process optimiza-
tion (Chettry, 1999). There are several different processes available for the electrolytic application 
of zinc. The zinc cyanide system was the original process used to electroplate zinc; however, these 
systems are being replaced with the advent of alternatives that avoid the use of hazardous substanc-
es, such as cyanides. Acidic chloride-based zinc plating processes provide brightness that competes 
with nickel-chrome plating, and they are quite conductive, leading to high plating efficiency, which 
saves energy and increases productivity. Sulfate-based systems also operate at acidic pH and are 
employed when a bright deposit is not required. There is also a non-cyanide alkaline version of zinc 
plating that is used, especially in the fasteners industry.
The corrosion resistance of plated zinc is enhanced by treating it with a conversion coating, which 
can remarkably increase its corrosion resistance. These conversion coatings are applied to zinc-plat-
ed surfaces through immersion in solutions containing chromate or dichromate ions. Another ben-
efit of conversion coating is that it will give the article color, from an almost colorless to blue to 
yellow, green, and black. Yellow conversion coatings are popular due to their ability to resemble 
brass and can be found on all types of fasteners. 
Environmental aspects of the zinc plating industry, as well as the metal finishing industry in gen-
eral, have been a focus of attention, such as the development of low-wastewater discharge systems 
(Cohen and Overcash, 1995). Environmental issues associated with Cr(VI) are well-documented, 
and the search for alternatives is the subject of extensive research and development in the zinc-plat-
ing industry (Hadley et al., 2002); however, several commercial systems still employ conversion 
coatings based on hexavalent chromium salts to achieve the desired corrosion resistance.
Recently, organo-metallic coatings were suggested by the automotive industry as an environmen-
tally friendly solution to replace zinc-coating processes and as an alternative to avoid the harmful 
consequences related to the use of conversion coatings based on Cr(VI). The technology for orga-
no-metallic coatings was developed in the U.S. in the mid-1960s. The company responsible for this 
development, which is now part of a large chemical conglomerate, was originally known as Dia-
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mond Shamrock Co. In the early 1990s, Geomet water-based technology and Zintek solvent-based 
technology was provided to the market. It should be noted that there is a lack of relevant scientific 
publications in relation to organo-metallic coatings because both are patented products, and such 
technology is held by few companies.
In 2007, the company in study expressed a strong wish to replace the zinc-coating process with an 
organo-metallic process. The process currently used by the company is the electroplating bath with 
alkaline cyanide-free zinc deposition process and a conversion layer that uses Cr(VI). The company 
intends to gradually substitute the current process with the water-based organo-metallic coating 
process (Geomet).
4. Emergy Accounting for the Medium-Size Metal-Finishing Company in the Case Study
The company in study evaluated the supplies of the automotive industry in São Paulo, Brazil, and 
it produces nearly 120 tons of zinc-plated fasteners each month. The data collected refers to the 
company’s production in 2005.
The energy system diagrams illustrated in Figures 4.2 and 4.3 were designed to combine informa-
tion about the systems of interest from various sources and to organize efforts for data gathering. 
The diagrams show all material and energy flows circulating in both production systems as well as 
the systems’ interactions with the environment. All driving energies from the external economic 
system (larger economy), the environment, and interactions are included (Odum, 1996). On the left 
side of the diagram, renewable resources (R) are represented, purchased or imported resources (F) 
are at the top, and the yield of the system (Y) is represented on the right side, which is the coated fas-
teners in this case. The diagrams were used to analyze tables of data required for emergy accounting.
As shown in Figure 4.2, the zinc-coating process has an effluent treatment unit (ETU), which feeds 
part of the water treated back into the production process. The sludge produced in the ETU is sold 
to the ceramic industry. The organo-metallic coating process also has an ETU, but the water is di-
rectly rel eased to the environment after treatment. The sludge is sold to the ceramic industry.
Tables 4.1 and 4.2 show all inputs needed for system implementation divided by plant lifetime, 
annual operating inputs (labor, electricity, machinery, human services), and direct and indirect 
environmental inputs (water). Suitable UEVs were assigned that resulted in the emergy values in sej 
after being multiplied by the energy inputs. During the implementation phase, steel was considered 
a resource from the economy (F) to be incorporated in the equipment purchased from third parties 
or in the facility structure. On the other hand, the steel used for the operation was considered a 
non-renewable resource (N). The water used in the system was taken from an artesian well and was 
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considered a non-renewable resource (N) because the ground water in the city of São Paulo is used 
faster than its recovery time (Milaré, 1991).
Figure 4.2 Energy System Diagram of the Zinc-Coating Process
Figure 4.3 Energy Diagram of the Organo-Metallic Coating Process.  
LPG refers to Liquid Petroleum Gas.
Table 4.1 shows the flows of materials and energy required for the zinc-coating system. The emer-
gy involved in the coating process as well as the emergy of the coated fasteners were calculated. 
Column (a) shows the percentage of each item in relation to the total coating process emergy (Y1), 
while column (b) shows the percentage values corresponding to the total emergy of the coated fas-
teners (Y2).
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In the zinc-coating process, the highest values of emergy are associated with electricity (49%), labor 
(25%), and chemicals (15%) (column a). Column b of the table shows the steel used to make the 
fasteners, and the percentages drop to 4% for electricity, 2% for labor, and 1% for chemicals, while 
92% of the total emergy corresponds to the steel used to make the fasteners. 
The water fed back by the ETU corresponds to 31% of the weight of total water use. Thus, it would 
be reasonable to suppose that the savings related to its use would also correspond to environmental 
benefits. In fact, if there were no water reuse, a quantity of 8.4 x 108 g/year could be added to the 
water input, leading to an emergy contribution of 1.89 x 1014 sej/year to the total emergy of the 
zinc-plating process; however, as the contribution of water inflow represents only 0.5% sej/sej of the 
total emergy of the zinc-plating process, this value is not relevant enough to change the UEV of the 
process, that is, its efficiency.
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Table 4.1 Material and energy flows for the zinc-coating process









1 Concrete g F 5.94 x 106 1.54 x 109 9.15 x 1015 5.55% 0.42%
2 Steel g F 1.60 x 106 2.77 x 109 4.43 x 1015 2.68% 0.21%
3 Polypropylene g F 1.37 x 105 5.87 x 109 8.04 x 1014 0.49% <0.10%
4 Equipment g F 5.30 x 104 4.10 x 109 2.17 x 1014 0.13% <0.10%
5 Labor J F 5.02 x 107 4.30 x 106 2.16 x 1014 0.13% <0.10%
6 Machinery g F 2.22 x 104 4.10 x 109 9.10 x 1013 <0.10% <0.10%
7 PVC g F 1.15 x 104 5.87 x 109 6.75 x 1013 <0.10% <0.10%
8 Water g N 2.70 x 107 2.25 x 105 6.08 x 1012 <0.10% <0.10%
9 Rubber g F 1.00 x 103 4.30 x 109 4.30 x 1012 <0.10% <0.10%
Operation
10 Electricity J F 4.95 x 1011 1.65 x 105 8.17 x 1016 49.52% 3.78%
11 Labor J F 9.80 x 109 4.30 x 106 4.21 x 1016 25.52% 1.95%
12 Chemicals g F 2.55 x 107 1.00 x 109 2.55 x 1016 15.45% 1.18%
13 Water g N 3.67 x 109 2.25 x 105 8.26 x 1014 0.50% <0.10%
  Emergy (process) kg Y1 7.2 x 10
3 2.29 x 1013 1.65 x 1017 100.00% --
14 Steel g N 7.20 x 108 2.77 x 109 1.99 x 1018 -- 92.13%
  Emergy (fasteners) kg Y2 7.27 x 10
5 2.97 x 1012 2.16 x 1018 -- 100.00%
(a) considering items from 1 to 13; (b) considering items from 1 to 14. 
The influence of the water inflow on the total emergy of the zinc-plated fasteners is even lower at 
0.10% sej/sej. Thus, despite an undeniable benefit of saving 840 m3 of a non-renewable resource, this 
percentage is insufficient to improve the environmental efficiency of the process, and the use of the 
main inflows (electric energy, chemicals, and man labor) should preferentially be focused on other 
alternatives. 
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Table 4.2 shows the flows of materials and energy that contribute to the organo-metallic coating 
system. Data were provided by one of the largest Brazilian users of organo-metallic coatings, which 
has a unit capable of producing about 60 t/month of coated fasteners.
In Table 4.2, the emergy required by the organo-metallic coating process as well as the total emergy 
required by the coated fasteners are calculated. In the coating process, the highest values of emergy 
are related to electricity (44%), liquid petroleum gas LPG (33%), labor (17%), and chemicals (4%) 
(column a). Column (b) includes the number of produced fasteners, and the percentages are 10% 
for electricity, 7% for LPG, 4% for labor, and 1% for chemicals. The steel used to manufacture the 
fasteners corresponds to 78% of the total emergy.
Table 4.2 Material and energy flows for the organo-metallic coating process
Description Unit Class Value UEV(sej/un)
Emergy
(sej/year)
% (sej/sej) % (sej/sej)
(a) (b)
Implantation
1 Concrete g F 3.50 x 106 1.54 x 109 5.39 x 1015 0.96% 0.21%
2 Equipment g F 5.58 x 105 4.10 x 109 2.29 x 1015 0,41% <0.10%
3 Steel g F 2.00 x 105 2.77 x 109 5.54 x 1014 0,10% <0.10%
4 Machinery g F 1.10 x 105 4.10 x 109 4.51 x 1014 <0.10% <0.10%
5 Labor J F 5.02 x 107 4.30 x 106 2.16 x 1014 <0.10% <0.10%
6 Rubber g F 5.00 x 104 4.30 x 109 2.15 x 1014 <0.10% <0.10%
7 Polypropylene g F 2.00 x 104 5.87 x 109 1.17 x 1014 <0.10% <0.10%
8 Water g N 3.50 x 106 2.25 x 105 7.88 x 1011 <0.10% <0.10%
Operation
9 Electricity J F 1.50 x 1012 1.65 x 105 2.48 x 1017 43.97% 9.69%
10 PLG J F 3.89 x 1012 4.80 x 104 1.87 x 1017 33.16% 7.30%
11 Labor J F 2.29 x 1010 4.30 x 106 9.85 x 1016 17.46% 3.85%
12 Chemicals g F 2.20 x 107 1.00 x 109 2.20 x 1016 3.90% 0.86%
13 Water g N 2.64 x 108 2.25 x 105 5.94 x 1013 <0.10% <0.10%
Emergy  
(process) kg Y1 3.00 x 10
3 1.88 x 1014 5.64 x 1017 100.00% --
14 Steel g N 7.20 x 108 2.77 x 109 1.99 x 1018 -- 77.73%
Emergy 
(fasteners) kg Y2 7.23 x 10
5 3.54 x 1012 2.56 x 1018 -- 100.00%
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Table 4.3 summarizes the results of both processes and shows that less emergy is required by the 
zinc-coating process. That is, fewer resources are used to obtain fasteners using this process. The or-
gano-metallic coating has a total emergy of about eight times higher than the zinc-coating process 
in producing 1 kg of coated-fasteners, and the fasteners obtained through this process use about 
19% more resources per year than zinc-coating.
Table 4.3 Total emergy used to produce zinc-coated and organo-metallic coated fasteners
Zinc-coating Organo-metallic coating
for the process
Emergy / (x 1017 sej/year) 1.65 5.64
UEV (x 1013 sej/kg) 2.29 18.80
for the fasteners
Emergy / (x 1017 sej/year) 21.60 25.60
UEV / (x 1013 sej/kg) 0.29 0.35
5. Evaluating the Implementation of the Organo-Metallic Process at the Company
The company aims to implement the organo-metallic process in combination with the zinc-coating 
process to comply with the needs of all customers. The aim of the initial project was to produce 45 
tons of zinc-coated fasteners and 60 tons of organo-metallic fasteners monthly. 
5.1. Emergy Efficiency (UEVs) Calculation
For the evaluation of each process, 727,200 kg/year of zinc-coated fasteners (Table 4.1) and 
723,000kg/year of organo-metallic coated fasteners (Table 4.2) were considered in the emergy ac-
counting. For project implementation, the quantity of zinc-coated fasteners equalled 545,400 kg/
year, and the quantity of organo-metallic coated fasteners equalled 723,000 kg/year. Table 4.4 shows 
the UEVs for each process.
Table 4.4 Emergy and UEVs for the zinc-coated fasteners, the organo-metallic coated fasteners, 





Emergy / (sej/year) 2.16 x 1018 2.56 x 1018 4.64 x 1018
UEV / (sej/kg) 2.97 x 1012 3.54 x 1012 3.65 x 1012
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Table 4.4 shows that the zinc-coated fasteners’ UEV is lower than that of the organo-metallic coat-
ings, and it is also lower than that relative to the fasteners produced by the company if the processes 
were used simultaneously. The results obtained show that regarding the use of resources, it is more 
advantageous (i.e., higher global efficiency) to maintain the zinc-coating process technology.
5.2. Emergy Indices Calculation
Once the total number of input flows to the coating processes has been identified and the total 
emergy driving the processes has been calculated, a set of indices and ratios can be calculated. These 
indices have been shown to be particularly useful when studying processes under human control 
where a sustainable pattern is not guaranteed and choices must be supported by the careful consid-
eration of several different parameters.
For systems that lack the use of renewable resources, the emergy yield ratio (EYR) and the emergy 
investment ratio (EIR) can be calculated, while the ESI and ELR cannot. These indices provide im-
portant information about a system’s contribution to the economy (EYR) and its efficiency in the 
use of local resources (EIR). Table 4.5 shows the calculated indices for the coated fasteners for both 
processes separately and if the project were to be implemented by the company.
Table 4.5 Emergy indices for the coated fasteners produced by the zinc-coating process, orga-
no-metallic coating process, and produced by the company, which includes with both processes 
(Project)
Emergy indices Zinc-coated(Table 4.1)
Organo-metallic coated
(Table 4.2) Project
Emergy yield ratio (EYR*) 13.14 4.54 4.05
Emergy Investment ratio (EIR*) 0.08 0.28 0.33
* EYR = Y/F ; EIR = F/(R+N)
Table 4.5 shows that the EYR of the zinc-coated fasteners equals 13, meaning that the zinc-coating 
process returns 13 times the investment to the economy, while the process of organo-metallic coat-
ing aggregates 4.5 times more emergy to the local economy. The higher the value of this index, the 
greater the return obtained per unit of emergy invested. In the combined process planned by the 
company, there would be an emergy increase of four times the investment.
Regarding EIR, the less the ratio, the less the economic costs. It can be observed that the emergy in-
vestment of the zinc-coating process is the lowest among the three alternatives, indicating a higher 
usage of natural resources.
79
6. Extending the Evaluation beyond the Borders of the Company: The Emergy Invested by 
the Environment to Manage the Chromium Contained in the Effluent
It is worth noting that the organo-metallic coatings were suggested by the automotive industry as 
an environmentally friendlier solution to replace the zinc-coating processes. The major advantage 
is associated with the lack of chromium in the effluents of the production process.
Although the calculation of the UEVs is indicative of the efficiency of a process, it is insufficient in 
determining whether a case is more beneficial than another, especially when other factors influence 
the conclusion. Thus, the environmental benefit related to the application of organo-metallic coat-
ings that was disregarded by the calculation of UEVs was evaluated.
Environment services that naturally  treat effluents include the removal and immobilization (even 
bioaccumulation) of substances and the response of the environment to toxicity. Once emitted to 
the environment, all substances may be diluted by ecosystem services, such as wind and water flows, 
to a local concentration. Several factors, such as spatial and temporal dispersion, diffusion, and 
atmospheric chemistry, are crucial in the determination of the local concentration. If the concentra-
tion of the substance emitted is greater than the local concentration value, the emission will cause 
harm to humans and to the ecosystem. The damage itself is therefore dependent on the existence of 
pollutants in the ecosystem and on human exposure to the pollutants.
The amount of chromium present in the effluents generated by the zinc-coating process was used 
to calculate the response to the toxicity of the effluent and the energy used for its dilution. To assess 
the impacts to human health and to aggregate the effects of chromium emissions by the zinc-coat-
ing process, the DALY for hexavalent chromium emission to water (Disability Adjusted Life Years) 
was used (Goedkoop and Spriensma, 1999). The company’s self-monitoring report indicated that 
the chromium concentration was below 0.01 mg/L (Review Report No. 6321 of 02.21.2006 issued 
by Centralsuper Commerce Chemicals Ltd.), which is the limit for disposal according to current 
Brazilian law.
The Effluent Treatment Unit (ETU) discards 4,000 liters of water per hour, and the zinc-coating 
process discards treated water for two hours daily for approximately 22 working days per month. 
The amount of chromium was calculated to be 0.02112 kg/year. 
Equation 3 was used to calculate the emergy related to damage to human health. The calculated val-
ue (1.12 x1014 sej / year) represents the emergy cost due to the chromium emission in its hexavalent 
form in the effluent (Genoni et al., 2003). This cost represents the response of the environment to 
the toxicity of the discharged effluent.
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Taking both the dilution of substances in the physical environment and their processing by living 
organisms into account, Genoni et al. (2003) estimated the UEVs of several elements, including 
chromium. The chemical energy used to dilute the substances was considered to be at least equal 
to the Gibbs free energy associated with the gradient concentration between the effluent and the 
receiving environment (Equation 3).
E = N x R x T x ln C1/C2 (3)
Where:
N = number of moles of chromium discharged
R = universal gas constant (8.314 J / mol K)
Temperature T = 298K
C1 = concentration of the effluent discharged
C2 = the local concentration of the substance of interest
E = energy of the damage
The local concentration used (0.005 mg/L) refers to the concentration of chromium in urban areas 
because the company is located in Diadema, Brazil (Silva and Pedrozo, 2001). Thus, for 2.11 x 10-2 
kg/year (0.41 mol/year), the chemical energy for the dilution of 0.01 mg/L is 704 J/year. To calculate 
the emergy invested from the environment in the dilution of chromium in the effluent, the energy 
value was multiplied by the UEV for the dilution (1.99 x1010 sej/J) of the hexavalent chromium that 
was calculated by Genoni et al. (2003). Table 4.6 shows the total emergy invested by the environ-
ment to manage the chromium discarded by the zinc-coating process.
Table 4.6 Emergy related to chromium discharge by the zinc-coating process
Description Class Emergy / (sej/year) % (sej/sej)
Zinc-coating process Y1 1.65 x 1017 99.92%
Emergy to respond to toxicity R 1.12 x 1014 0.07%
Emergy for dilution R 1.40 x 1013 0.01%
Total Y1 1.65 x 1017
Table 4.6 includes the emergy invested by the environment to respond to the toxicity of the chro-
mium released and to dilute it in water bodies. The results show that the total emergy investment 
is basically unchanged. This indicates that the concentration of chromium present in the effluent 
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must be close to that of the local concentration and that the treatment of the liquid effluent, which 
complies with the law, is efficient for minimizing the work and the response of the biosphere. The 
calculation of emergy invested by the environment to manage the maximum amount discarded in 
wastewater showed that the value used by the environment to dilute the toxicity was lower than 
0.1% of the emergy demanded in the coating process.
It should be noted that this evaluation does not consider some important aspects. First, the cal-
culations proposed by Ukidwe and Bakshi (2004) and Genoni et al. (2003) do not consider the 
accumulation of chromium in the water bodies, which should increase the value of the energy for 
dilution and the damage to human health, as it reduces the processing capacity of living organisms 
as a function of time. Similarly, this calculation does not consider the limits of receiving these an-
nual amounts of chromium for the environment. It is known that in water bodies in rural areas, for 
example, the chromium concentration is no more than 5.00 x 10-6 mg/L (Silva and Pedrozo, 2001); 
however, using this value as the local concentration base will increase the emergy for dilution to 
1.54 x 1014 sej/year, and it still represents no more than 0.1% of the total emergy of the zinc-coating 
process.
7. Discussion
Emergy accounting was used to evaluate the environmental performance of the manufacturing 
process of coated fasteners.
Considering only the use of resources to obtain the same amount of product, the methodology in-
dicated that it is best to maintain the zinc-coating process. The calculation of the UEVs showed that 
regarding the use of resources, the zinc-coating process technology is more efficient in converting 
global resources into products.
Fasteners coated by the zinc-coating process contribute more to the economy (EYR = 13) than the 
organo-metallic coating process (EYR = 4.5). For the combination process proposed by the company, 
there would be an increase of four times the emergy, from 2.56 x 1018 sej/year to 4.64 x 1018 sej/year.
The emergy investment is about 3.5 times higher for the organo-metallic coating process when 
compared to the zinc-coating process, which indicates a better use of resources supplied by the 
economy by the zinc-coating process.  
The calculation of environmental services to assessthe toxicity of chromium in the effluent and its 
dilution in water bodies showed that the effluent treatment is efficient and that the emergy invested 




This chapter has described the experiences of a medium-size company that adopted different CP 
concepts as an approach to environmental management in a joint action with the researchers of 
Paulista University. Due to pressure from its clientele, this company conducted an evaluation to 
determine whether a change in process technology would be beneficial. Emergy indicators in com-
bination with a health loss indicator (DALY) were employed for the quantitative measurements. 
The decision to implement either low-cost or high-cost interventions depends on the specific goals 
of the individual establishment; however, there are rewards that worth when the intervention has a 
low cost. While good management practices would focus on bringing the production process per-
formance to the designed level, small investments in CP actions may considerably improve environ-
mental performance. The evaluation presented in this chapter shows that a quantitative assessment 
is imperative to corroborate decision making. Despite the advantages that were offered by suppliers 
regarding the elimination of chromium, it was clear that the change in technology would lead to 
a decrease in global efficiency or to an increase in the use of resources. This increase in resources 
used  would be higher than the environmental services saved with the avoidance of the toxic release. 
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While knowledge has increased significantly over the last two centuries, it can be argued that poten-
tial knowledge has increased even faster (Taleb, 2012). The world has become increasingly complex 
due to technological advances and increasing trade on a global scale, among other factors. The 
number, types, and complexity of goods and services produced have increased exponentially since 
the beginning of the industrial revolution. While knowledge has advanced, the knowledge required 
to understand the functions of the socio-economic system seems to have increased more rapidly. 
Before the industrial revolution, most people worked in agriculture, and only a limited number 
of products were produced. The service sector barely existed, and food processing took place in 
individual households. Currently, there are millions of products traded each day in large interna-
tional logistic chains, and the final producer may not have much information about production 
processes in the earlier phases of the supply chain. While informational problems tend to increase, 
the impressive progress in science and knowledge is more noticeable than the increasing lack of 
knowledge and information due to increasing social and economic complexities. Consequently, 
according to Kahneman (2011) and Taleb (2007, 2012), people may have the illusion of possessing 
more knowledge than they actually do. This may lead to over-optimism regarding finding solutions 
for challenges in sustainable development as well as to an increasing reliance on efficiency improve-
ments as a tool. In this chapter, the reasons for increasing complexities, issues regarding efficiency, 
fragilities, and unsustainabilities, and economic principles used to assess efficiency improvements 
for sustainable development are discussed.
2. Reasons for Increasing Complexity
The determinants of increasing complexities, and in turn increasing issues in obtaining informa-
tion and knowledge, can be distinguished. For example, Pejovich (1995) argued that transaction 
costs (i.e., the frictions in an economy related to information, negotiation, monitoring, and en-
forcing problems regarding economic transactions) increase in a growing economy. These higher 
transaction costs not only hamper economic activity but also allow for opportunistic behaviors of 
individuals and/or groups, such as opportunities created by a lack of transparency and control to 
increase their own incomes or wealth. When there are several occasions that allow for opportunistic 
behaviors, people and groups may be provided with strong incentives for redistributive activity and 
weak incentives for productive activity (Platje, 2004). Transposing this argument to a sustainabil-
ity discourse, this implies that incentives for lying and cheating become stronger in a case of high 
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transaction costs, which negatively influence environmental protection and the protection of labor 
rights, for example, and therefore negatively influence sustainable development (Platje, 2011).
In a growing economy, personal exchange is replaced by impersonal exchange. In other words, 
the market in which people trade with unknown trade partners expands. This increases problems 
with information and negotiation as well as with the enforcement of transactions or contracts. One 
example would be a village or small town where all residents are well-known. In this case, people 
have information about the reliability of their trade partners, as trade takes place repeatedly and the 
partner is directly identifiable. This makes the trade partner responsible for eventual problems (e.g., 
bad quality of the good purchased). Incentives for cheating are weak because cheating may lead to 
a loss of reputation and trade. This reduces negotiation costs (fewer contractual arrangements need 
to be specified to prevent cheating) and makes it easier to enforce the contract. Although this does 
not mean there are no problems, these problems are likely to be less complex than in a more exten-
sive market where people do not know each other and a buying or selling transaction may not be 
repeated with the same person. Trade partners tend to have less information about each other and 
tend to repeat transactions less often, and thus incentives for cheating become stronger. In such a 
case, safeguards may be needed to prevent cheating or to compensate for eventual losses (e.g., in-
surance). This is a type of transaction cost that draws resources away from other productive activity 
(Williamson, 1985).
An important factor in supporting economic growth is economies of scale, which is caused by 
capital intensive production. Economies of scale means that when a company produces on a larger 
scale, the costs of producing one unit decline. In the 1940s, Schumpeter (2003) argued that this is an 
important source of the creation of wealth in a capitalist system, leading to general access to radios, 
refrigerators, vacuum cleaners, etc. Even Schumpeter, who was one of few scholars who appreciat-
ed the productive and innovative power of the capitalist system at the time he wrote his book (just 
after the Great Depression of the 1930s when Communism and Fascism were on the rise), did not 
foresee the incredible progress that would lead to access to inexpensive TVs, computers, mobile 
phones, photocopying and printing devices, etc. Technological change5 has created an increasing 
number and complexity of goods and services. For example, a simple toaster already exists with a 
wide range of inputs produced by a large chain of producers possessing specific knowledge about 
the production process, which means that individuals would find it extremely difficult to create a 
toaster themselves (Harford, 2011).
5  Technology is “the use of scientific knowledge to specify ways of doing things in a reproducible manner” (Brooks, 
1971, 13; quoted in Bell, 1976, 29). Thus, it may be interpreted as “society's pool of knowledge” (Mansfield, 1994, 9).
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Some decades ago, it would cost tens of thousands of dollars to purchase devices that could only 
partly provide the services currently provided by a simple computer or smartphone; however, the 
capital intensification has increased the size of companies, which in turn has increased the costs of 
management. Companies have become more complex and trade with hundreds or even thousands 
of other companies in a direct or indirect way. Therefore, this leads to problems in obtaining infor-
mation and knowledge of all aspects of the production of goods and services, which poses serious 
challenges to sustainable development.
Once more is produced and more is earned, Pejovich (1995) argued that there would be a struggle 
regarding the distribution of these gains. This may be a struggle between contract partners or could 
lead to social conflicts between employers and laborers. Consequently, existing laws, regulations, 
and contractual arrangements may be questioned, which in turn leads to additional legal cases. It 
may also lead to increasing dissatisfaction of part of society when the increase in their incomes and 
wealth does not meet their expectations, for example.
Therefore, there is a question of whether the challenges of sustainability can be managed through 
efficiency improvements while systems are becoming increasingly complex and interrelated.
3. Efficiency, Fragilities, and Unsustainabilities
Sustainability is interpreted as a situation in which a system can survive, meaning that it can recover 
from shocks (resilience) and can become stronger and better prepared to manage future challenges 
through learning processes and different arrangements (e.g., redundancies, buffers). This specifi-
cally involves unknown challenges that have a potentially destructive effect on a system. In other 
words, the system is antifragile (Taleb, 2012) and able to deal with negative Black Swans (Taleb, 
2007). Black Swans are uncertain, difficult to imagine, small probability events that can destroy an 
entire system (e.g., the ecosystem, the financial system, the economic system, the social system, the 
political system). 
For example, the IT revolution was an unexpected event. The Internet was developed by the U.S. 
army as an instrument in the Cold War against the Soviet Union. It should be difficult to destroy, as 
it functions as a network with several independent nodes. While it was not meant for general public 
access, the invention of the modem by Ward Christenen and Randy Suess in 1978 (Castells, 1996) 
made general access possible; however, in the 1970s, few foresaw the current dependency on IT in 
all aspects of life. For example, the company Eastman Kodak, which was a leading company in tra-
ditional photography equipment and accessories, was negatively affected by the incredible oppor-
tunities created by new ways of taking, processing, and printing pictures. It did not adapt properly 
and almost went out of business.
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An example of a negative Black Swan is the Fukushima nuclear plant disaster. Security and risk 
management models were based on historical data regarding the highest known level of tsunamis 
caused by earthquakes. The flood protection system could not manage the unexpected tsunami 
caused by the strongest earthquake on record, which was not predicted by any model. This is the 
essence of a Black Swan; although something, according to previous knowledge, has never occurred 
in history, the event could take place. When the potential consequences are disastrous, it is essen-
tial to be prepared for such events. For example, the lesson learned from Fukushima is that nuclear 
plants should not be built in areas prone to strong earthquakes.
A fundamental problem with any type of policy is that information can be limited, incomplete, and 
missing. Furthermore, people are fallible, their cognitive abilities are limited, and they may be pre-
sented with incentives to lie or cheat. These are fundamental reasons for the existence of transaction 
costs (Furubotn and Richter, 1997). 
Transaction costs are fundamental in identifying frictions within a system. Traditionally, analyses 
focus on friction in conducting business in the market, organizing production within a company 
(Williamson, 1985), or changing laws or regulations in the political process. Thus, market, manage-
rial, and political transaction costs can be distinguished (Furubotn and Richter, 1997, 43) (see Table 
5.1).
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Table 5.1 Different types of transaction costs – definitions and some examples
Type of  
transaction 
cost
Transaction costs at the level 
of governance - market trans-
action costs
Transaction costs at the level of 
governance - managerial trans-
action costs
Transaction costs at the level 





“The costs of setting-up, maintaining or changing an organisational 
design” (Furubotn and Richter, 1997, 46). Related to the adaptive 
efficiency of governance structures, i.e., the ability to change when 
this is required by changing external circumstances, such as tech-
nology, competition, and increased scarcity of resources.
“The costs of setting up, main-
taining and changing a system’s 
formal and informal political 
organisation” (Furubotn and 
Richter, 1997, 47). This is related 
to creating the legal framework, 
public administration, military, 
the educational system, judicia-
ry, etc. (institutional governance 
and the political system) and 





Costs related to frictions in 
the functioning and use of the 
market mechanism.
Costs related to frictions in 
organizing production within the 
company.
Costs related to frictions in the 
functioning and use of institu-
tional governance, e.g., the costs 
of running a polity, stakeholder 
participation in decision-mak-





Searching for buyers and sell-
ers. Information about culture, 
reliability, etc. of trade part-
ners. Information on existence, 
interpretation, and means of 
enforcement of laws and reg-
ulations. What is written in a 
contract and what is meant by 
it? Information on the quality 
of a product or service.
Collecting and processing 
information for decision-making 
on, e.g., production plans and 
technologies.
Information on economic, social 
and environmental performance. 
Information on priorities and 
strengths of different stake-
holders. Information on policy 
alternatives. Information on 
ownership of property, physi-
cal capital, etc. Information on 




Negotiation between and with-
in organizations to establish 
contractual arrangements. 
Costs of red tape.
Bargaining between different de-
partments on, e.g., organization 
of work, production plans, etc. 
Dealing with internal bureaucra-
cy, paperwork, etc.
Costs of negotiation between 
different stakeholders on new 






Check whether the contract 
partner fulfils the contractual 
requirements, e.g., quality of 
product / service produced, 
payment, etc. Protection 
against theft. Costs of obtain-
ing damages for non-fulfilment 
of the contract (e.g., court, 
bailiff).
Costs of monitoring the execu-
tion of orders and motivating 
employees.
Costs of implementing and 
enforcing new rules of the game 
/ policy.
Source:  Platje (2011), based on Furubotn and Richter (1997) and Platje (2004).
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A transaction can be interpreted as a transfer of rights (Hazeu, 2000, 9) or a contract between two 
(or more) parties. This notion should be interpreted broadly. A transaction can be formal or infor-
mal. It can concern goods, services, and different types of agreements between people as well as the 
creation and enforcement of laws and regulations. Anything that is based on a type of agreement 
can be considered a transaction. Transaction costs appear with the design, conclusion, mainte-
nance, protection, and enforcement of a contract. When a good or service is purchased, there are 
additional costs to the monetary price paid. There are three types of transaction costs: search or 
information costs, negotiation costs, and control costs. Information and negotiation costs incur 
before the contract is concluded. This phase is vulnerable to deceit (Molho, 1997) and is related to 
the aforementioned informational and knowledge problems. After a contract is concluded, the con-
tract partners must eventually be monitored to determine whether they adhered to the agreement. 
If not, costs related to the enforcement of the contract incur. When the control costs (consisting of 
monitoring and enforcement costs) are high, this creates opportunities for cheating (Molho, 1997).
In general, the higher the transaction costs, the stronger the incentives to lie and cheat and the weak-
er the incentives to produce (Platje, 2004, 30). While this does not mean that all people lie or cheat 
or that people necessarily take advantage of such opportunities, the opportunity costs of honesty 
appear. This is related to the problem of asymmetric information, meaning that one of the contract 
partners possesses more information than the other. Suppose someone wants to sell a car. As the 
seller has been using the car for many years, the seller knows more about its quality than the buyer. 
Now, imagine that the buyer is not able to determine the quality of the car. Would the seller tell the 
buyer that there was an accident and the car was repaired three years prior when this would lead to 
a reduction of $2000 in the selling price? The opportunity costs of being honest would be $2000. The 
same principle can be applied to issues of sustainable development. For example, what would the 
consequences be for a meat producer when admitting the meat is produced in an environmentally 
unfriendly way and that labor rights are neglected? Thus, mechanisms should exist to prevent these 
situations, such as certificates and transparency in production processes. Furthermore, if the meat 
producer has a good reputation or brand name, deception regarding the quality or the production 
process would lead to a loss of the reputation and a loss of customers. In other words, one way to 
manage the problem is to increase the opportunity costs of cheating.
In addition to deception issues regarding obtaining information and human fallibility, confidence 
regarding the knowledge possessed as well as the way in which knowledge is obtained must be 
considered. Knowledge has developed by learning from mistakes (Harford, 2011; Taleb, 2012). In 
the context of sustainability, the following issues should be considered regarding learning from 
mistakes and learning by doing:
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 § Are mistakes reversible, and at what cost? Does damage remain local?
 § Do mistakes have non-linear, irreversible effects on a global scale?
For example, if a farmer makes a mistake while crossbreeding potatoes and has a bad harvest, the 
farmer may go bankrupt (or, in earlier days, starve); however, society can learn from the farmer. If a 
species dies out due to an overuse of natural resources, people in other areas can learn not to repeat 
this mistake. As Taleb (2007) argued, the Titanic accident was a tragic mistake that killed several 
people, but it prevented the development of even larger ships, which could have led to even larger 
disasters. Thus, reversible mistakes can still result in damage. An individual unit can be injured or 
die, but the system can become stronger due to the knowledge available as a result. This type of rea-
soning can be found in evolutionary biology and evolutionary economics.
Now, consider the example of Genetically Modified Organisms (GMOs) (Taleb et al., 2014). While 
traditional bottom-up genetic engineering took decades to reach a wider area, currently, large 
bio-technology companies are able to spread GMOs throughout the world in only a few years. 
Regardless of whether GMOs cause damage or not, if they do cause damage to the ecosystem or 
to human health, this damage will take place on a global scale. The entire global system would be 
affected, and the damage may be irreversible and disastrous. It could be argued that the probability 
of this occurrence is low, but if it did occur, the consequence would be catastrophic. For this type of 
situation, a precautionary principle should be applied in which more research must be conducted 
until it is absolutely certain that no harm can be done, as experimenting on a global scale and learn-
ing-by-doing processes are too risky. Of course, some economic benefits may be lost, but would 
the benefits be worth the smallest risk of a global collapse of ecosystems and human health? Taleb 
(2012) compared this situation to Russian Roulette: society tends to try to obtain small efficiency 
gains at the expense of an increased risk of system collapse. In this case, the transaction cost of proof 
of lack of harm should be the responsibility of the producer. If production continues until there is 
proof of harm, the harm cannot be reversed in a worst-case scenario.
Sustainable development does not refer to a harmonious improvement of all social, economic, and 
environmental elements because the fundamental assumption of the economic theory is scarcity. 
Factors of production (physical capital, human capital, natural capital) are limited, while human 
wants seem to be unlimited, as Adam Smith noted in Wealth of Nations (1998 [1776]). Of course, 
production possibilities can be increased by expanding the quantity and/or quality of the factors of 
production; however, using Boulding’s (1966) metaphor, as we are living on “The Spaceship Earth,” 
available resources are limited to those available on this planet. Until travel in outer space is possible 
and efficient, mankind will have to acknowledge these limits. In fact, overpopulation (Hardin, 1968) 
in combination with the seemingly unlimited appetite for increasing production and consumption 
97
are probably the most important causes of the overuse of natural resources. There are currently 
three general options that can address the problem: a serious reduction in production and con-
sumption, a reduction in the global population, and radical technological advances and efficiency 
improvements. While the third option should be seriously considered (e.g., see Von Weizszacker et 
al., 2009), it remains questionable whether mankind can overcome the limits of growth (Meadows 
et al., 1972). 
Suppose a technological breakthrough makes all sun energy available for satisfying human con-
sumption and production demands. The theoretical supply could satisfy an estimated 5000 times 
the current global demand (King et al., n.d.); however, in addition to the social and economic chal-
lenges caused by the decline of industry related to the production and distribution of traditional 
sources of energy (oil, coal, etc.) as well as challenges in adapting all equipment to the new source 
of energy, the following challenges would appear (Platje and Kampen, 2016):
 § A perceived unlimited supply may lead to increased demand, e.g., due to incentives for 
innovation. A 10% increase in demand per year would lead to an increase by over 8000% 
over a period of 90 years.
 § Of course, a slower growth of energy use may appear, while new technological develop-
ments could make more energy sources available and improve the efficiency of its use; 
however, with a perceived unlimited availability of energy, incentives to do so may weak-
en, while incentives to waste may strengthen.
 § Innovations due to access to a perceived unlimited amount of inexpensive energy are like-
ly to lead to the use of other limited natural resources, which are currently often already 
overused. It is unclear whether the resources that would be used most could be predicted, 
whether all parts of production and processing of the resources’ efficiency improvements 
would be substantial, and whether technological developments would be able to replace 
all depleting resources.
While it is not impossible that technology could solve all problems, there are several challenges 
in achieving this due to the existence of millions of goods produced in large international logistic 
chains with a wide range of producers. These producers must innovate and change production 
processes. It is unlikely that all would manage at the same time (Platje, 2008). In other words, this 
is a positive Black Swan: a low probability breakthrough that solves all problems related to environ-
mental sustainability (the social and economic effects are difficult to predict); however, while it may 
be beneficial to stimulate technological development, particularly experimental research focused 
on identifying something completely new that can lead to surprising solutions, it may be too risky 
to completely rely on this approach because when the global ecosystem collapses and natural re-
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sources are depleted, the price for the growth and welfare achieved is a collapse of global society 
and the global economy. For instance, imagine the low-probability scenario that the average global 
temperature increased by 20 degrees Celsius (Weitzman, 2009). Society as we know it would disap-
pear, and multiple catastrophes are possible from the flooding of countries such as Bangladesh and 
The Netherlands due to the rising sea level to a large reduction in the output of food. While this is 
a low-probability scenario, society should question whether it is wise to continue playing Russian 
Roulette with the environment.
In this context, it should be mentioned again that sustainability and sustainable development is not 
a harmonious process of a continuous increase in wealth and the quality of life without compromis-
ing the opportunities for development for future generations. It involves ecosystem survival (Cos-
tanza et al., 1991) and the survival of mankind. Sustainable development should by definition be 
human-centered regarding the issue of survival. This does not mean that animal and plant life is not 
important in itself. There is a difference between the aim of survival and the aim of development; 
killing a grizzly bear out of self-defense as an isolated event may not be harmful, while destroying 
their habitat for productive aims could lead to the extinction of grizzly bears.
4. Economic Principles Used to Assess the Efficiency Improvements for Sustainable Devel-
opment
In conclusion, general economic principles that can be used to assess the efficiency improvements 
for sustainable development are presented. There are several efficiency approaches to issues of sus-
tainable development. Improvements, which range from different types of eco-innovations to im-
proved energy efficiency, can support economic activity while producing goods in a more sustain-
able way (e.g., Burchard-Dziubińska, 2015; Gądek-Hawlena and Wróbel, 2015; Lambrechts et al., 
2015; Piasecka-Głuszak, 2015; Słupik, 2015; Szołtysek, 2015; Will et al., 2015; Zepeda Quintana et 
al., 2015); however, it is well-known that efficiency improvements can lead to different fragilities in 
a system and to increased unsustainability via different feedback loops and dynamic effects (Mead-
ows 1998, 1999; Sterman 2000; Taleb 2012).
In textbooks, economics is defined as a science of choice due to the existence of scarcity (Begg et 
al,. 1994): factors of production (human capital, physical capital, natural capital) are limited, while 
people tend to prefer more to less. Innovation and efficiency improvements can reduce this problem 
and can support social and economic developments while preventing negative impacts on environ-
mental resources. Thus, the following fundamental economic principles should be considered when 
evaluating policies for sustainable development:
1.  “Free lunches” do not exist. There are always opportunity costs.
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2. When an individual does not incur opportunity costs (i.e., free lunch), these costs are in-
curred by others. Often, these costs are externalized in a direct or indirect way.
3. While the costs of win-win improvements are not seen, the costs do exist (lack of proof of 
costs does not mean there are no costs). This is especially the case for long-term, indirect, 
and uncertain costs. Non-linear costs with very low probabilities that can lead to a non-re-
storable collapse or crisis are particularly important.
The first principle is the fundamental principle of economic science related to scarcity. Scarcity can 
be absolute or relative. Absolute scarcity exists in the case of absolute poverty (Todaro, 1997), for 
example, in which people do not have enough means (food, housing energy, etc.) to guarantee a 
minimum biological level of existence. Relative scarcity refers to limited resources while people (on 
average) tend to appreciate an increase in production and consumption. Innovation and efficiency 
improvements may lead to a reduction in absolute and relative scarcity; however, whether people 
would continue to obtain more and more is questionable. Furthermore, the issue of fair distribution 
across the planet must be considered.
The second principle is related to theories of negative externalities, which involve basic environ-
mental economics. People tend to make production and consumption decisions based on their pri-
vate costs. For driving a car, these costs include gasoline, depreciation, maintenance, and insurance. 
The external costs appear in the form of pollution, noise, accidents, traffic jams, climate change, etc. 
Consequently, the social costs (defined as the private cost plus the negative externality) exceed the 
private costs. Society as a whole experiences the negative effect of a production or consumption 
decision. For driving a car, people tend to make daily use decisions based on the variable costs of 
driving.6 The directly visible cost is the price of gasoline. For this reason, there is the paradox that in 
a city, it may be more desirable to use a car than public transport from the variable cost perspective. 
Driving to work may cost $1 for gasoline, while a bus tickets could be purchased for $1.40. If some-
one were to attend classes 80 miles from home, it would cost $17 for gasoline and $12 for train tick-
ets. While there are additional determinants involved in driving decisions (e.g., opportunity costs 
of time, preferences for car use), this illustrates a problem in transport policies: while the environ-
mental effects of traffic are the largest in urban areas, using a price policy may have a limited impact.
One issue in environmental management is that when companies comply with environmental stan-
dards imposed by the government to address negative externalities, the company can take actions to 
6  Fixed costs are costs incurred when the car is not used and is stored in the garage (e.g., insurance, depreciation). 
Variable costs appear when the owner drives the car (e.g., fuel). Semi-variable costs (or semi-fixed costs) appear at 
intervals, such as tires and oil having to be replaced each 5000 miles.
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shift the cost of this to someone else or to shift the environmental costs to other countries. An exam-
ple of shifting costs to other parties would be labor and environmental standards in road transport, 
where the mother company forces the drivers to begin a one-man company with their own trucks. 
Thus, it forces the drivers to bear the costs of compliance with the rules. The drivers would also bear 
the risk of a decline in demand for transport services. An example of the second case would be the 
relocation of pollution activities to countries with more lenient environmental standards.
The third principle needs deeper elaboration because due to the increasing complexity of the mar-
ket, unexpected costs and issues often appear as a consequence of solutions that appear to be bene-
ficial to everyone (so-called win-win solutions). 
The main idea of principle three is that as systems tend to become increasingly complex, an im-
portant issue in policy for sustainable development is whether efficiency and innovation support 
this development or create unexpected and/or unknown threats. Do they make the system more 
fragile (i.e., hollow out the system, reduce resilience)? For example, an aim of lean management is 
to improve processes to increase competitiveness and profitability and to reduce resource intensity; 
however, trade-offs may appear. Changes may cause fear among workers, which could reduce loy-
alty, decrease the willingness to innovate, and create incentives for finding a new job. Furthermore, 
introducing additional capital-intensive technologies while laborer’s abilities and skills are not de-
veloped (making labor easily replaceable, which may be the case with investments in countries due 
to low labor costs) may lead to footloose capital. “Foot-loose” means that an industry can easily be 
moved to another country, as it relies on unskilled labor, and that technology and physical capital 
can be relatively easily transferred to another location. Another example is water access technolo-
gy. As Meadows (1998) argued, drilling deeper wells does not solve water scarcity. The increased 
efficiency of drilling methods allows for access to deeper groundwater levels, but it also reduces the 
groundwater level, creating long-term problems with sustainability and the threat of the collapse of 
plant life, animal life, and agriculture.
In conclusion, in the economic theory, efficiency seems to be viewed positively. Efficiency refers to 
accomplishing more with the same resources or to accomplishing the same with fewer resources 
(e.g., Begg et al., 1994). There is a significant difference between these two definitions regarding 
sustainable development. The first definition focuses on growth, while the second focuses on main-
taining the same level of output while reducing resource use. If the aim is to reduce resource use to 
the extent that sustainable consumption and production is achieved, the first approach to efficiency 
would be ineffective. The effectiveness of the second approach depends on the level of the decrease 
in resource use. A similar argument proposes that more can be done with less: a growing economy 
can exist while resource use is reduced radically enough to achieve environmental sustainability. It 
may be that innovation and technological development would not lead to this outcome and that the 
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global system is too complex and interconnected, leading to different types of unsustainable effects. 
In this case, it may be necessary to do less with less (Shapiro, 1978) and to focus more on the devel-
opment of local production systems. These systems are less complex and interrelated, which allows 
for different types of experiments that support transitions to sustainable development (Grin et al., 
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6. ENERGY EFFICIENCY OF GENERAL PURPOSE TECHNOLOGIES  
– CONTRIBUTIONS TO IMPROVE SUSTAINABILITY
Tino Schuette
1. Introduction
Successful energy management requires plan-do-check-act cycles and continuous improvement 
procedures overall as well as for specific processes. General purpose technologies (GPT), especial-
ly in industrial applications such as illumination, compressed air systems, and electromechanical 
drives, play very important roles. As can be seen in Table 6.1, which is an example from Germany, 
the average potential of GPT for increasing energy efficiency is high. The total amount of possible 
energy savings depends on individual use and the applied technology.  
Table 6.1 Average energy efficiency potential of GPT
General Purpose Technology Potential
Illumination Up to 70 %
Compressed Air Up to 50 %
Electromechanical Drives Up to 30 %
Cooling Up to 30 %
Heating Up to 30 %
Ventilation Up to 30 %
Pumps Up to 30 %
Source: Dena (2013)
In general, the assessment of the energy performance of a specific GPT should be part of a wider en-
ergy analysis. This type of analysis is a detailed investigation of energy supply and use in a company, 
such as a “maquiladora”. The current state of energy performance must be examined and evaluated 
so that actions can be taken to optimize the system. An energy analysis usually begins with a rough 
analysis of the overall energy consumption, and areas with a large energy input are determined. 
The outcomes of this first step are: knowledge of the energy use and energy cost data of crucial 
consumers, the description of an additional analysis for divisions and processes to be investigated, 
and evidence of the need for additional energy meters. A detailed analysis must then be conducted 
to identify the most beneficial opportunities for improving energy performance. Some examples 
include the course of the energy use of individual devices and subsystems, data on the connec-
tion and performance of major appliances (rated power, maximum power, reactive power, etc.), 
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maintenance data (interval, last maintenance, executives, etc.), and knowledge of the key factors 
that influence energy consumption. During the energy analysis, appropriate energy performance 
indicators (EPIs) should be expressed that are necessary for suitable benchmarking. An EPI is a 
(usually specific) quantitative value or measure of energy performance as defined by the company/
organization. According to the DIN EN ISO 50001, benchmarking is the process of collecting, ana-
lyzing, and relating the energy performance data of comparable activities to evaluate and compare 
performances between or within entities. The results of the energy analysis lead to target definitions 
and the development of an action plan, and actions are assessed and prioritized. The actions are 
then realized, and the implementation is continuously reviewed. 
The necessity of identifying energy saving potential in industrial processes is understood even on 
a macroeconomic level. In Germany (according to the German Energy Services Act, EDL-G), all 
companies that are not small or medium-sized enterprises (SME) are obligated to perform an en-
ergy audit based on the standard EN 16247-1 until the end of 2015 or to begin the implementation 
of an energy management system according to ISO 50001 or EMAS (Eco Management and Audit 
Scheme). SMEs are free to do so as well. In fact, there are several incentives (improving profitability 
by reducing energy costs or receiving investment subsidies) for companies to analyze and realize 
energy saving potentials to improve energy efficiency. The following examples of GPT provide in-
sights into improvement possibilities. They are important for several industrial applications, which 
can also be found in maquiladoras. 
2. Illumination
Light is the visible spectrum of electromagnetic waves between about 380 and 780 nm (frequen-
cies of about 789 THz to 384 THz). The characteristics of light are important because they have 
both physiological and psychological effects on the well-being, performance, and productivity of 
society. White light is composed of different spectral colors, such as can be seen in a rainbow. Each 
wavelength has a color impression (from short-wave violet to blue, green, yellow, and orange to 
long-wave red), and the ranges of color create continuous transitions. The properties of artificial 
light, such as its ability to reveal the colors of objects faithfully in comparison with natural light (the 
so-called color rendering index, CRI) or the color temperature, are meaningful. Ideal natural light 
has a CRI of 100. Good illuminants should have a CRI above 80. The color temperature of light is 
measured by an ideal black-body radiator that radiates light of a comparable hue to that of the light 
source. Color temperatures over 5000 K are called cool white (bluish white), while temperatures 
below 3300 K are warm white (yellowish white through red). 
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Figure 6.1 Light as Part of Electromagnetic Waves
Source: Author’s own elaboration
Important photometric measures of light are the luminous flux [lm], which gives the amount of 
energy radiated in all directions, the luminous intensity [cd], which gives the luminous flux in one 
direction, and the illuminance [lx = lm/m2], which gives the luminous flux on a surface. From an 
energy focused point of view, the light emitting efficiency [lm/W] is an important measure. Modern 
spotlights have an emitting efficiency greater than 100 lm/W. In comparison, traditional bulbs only 
have an efficiency of 10-20 lm/W (Saena, 2013). Important characteristics of spotlights also include 
their lifespan, luminous flux decline over time, constructive base, light distribution, and optical 
system. The features of a lamp (size, material, design, etc.) must also be considered. They must be 
suitable for the lighting task.
There are several major types of spotlights: (i) thermal radiators that generate light by heating a wire 
in an enclosed gas volume, (ii) luminescence radiators that emit light through electron transitions 
between different semiconductor layers, and (iii) discharge lamps that emit light through a gas dis-
charge in a firing vessel between two electrodes. 
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Figure 6.2 Types of Light Generation
Source: Author’s own elaboration
The advantages of thermal radiators are their good light color and color rendering, a continuous 
spectrum of light, small dimensions, temperature stability. They are also easily dimmable by an 
ohmic resistive load. The disadvantages are their low efficiency (<25 lm/W) due to a high proportion 
of infrared radiation and their short lifetime (<5000 h). The advantages of luminescence radiators 
are their high efficiency (>100 lm/W, especially as colored light), a long lifespan (>20 000 h), small 
dimensions, and the possibility of area lights made of organic light emitting diodes (OLED). Their 
disadvantages are that special control gears (drivers) are required, they are only partially dimmable, 
their temperature dependence (cooling and moisture protection are important), and the blend risk 
at high luminous intensities. The general advantages of discharge lamps are their high efficiency (up 
to >100 lm/W), a long lifespan (>10 000 h), good light color (depending on the gas composition / 
fluorescent), and color rendering. The disadvantages are that special control gears (current limiter) 
are necessary, they are only partially dimmable, their temperature dependence (especially regarding 
their performance and lifespan), and their relatively large dimensions. 




With chemical energy production:
Combustion lamps
With electic energy production:
Vacuum bulbs, gas-filled bulbs (with or without halogen)
Luminescence radiation




Induction lamps, high-pressure or low-pressure discharge
Glow discharge
With or withou a positive column
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To choose the right lamp, the following facts should be considered. Regarding the type of lamp/
construction, whether open or closed lamps and lamps covers are needed should be determined. 
Moreover, the degree of protection against intrusion, dust, accidental contact, and water by me-
chanical casings and electrical enclosures (see IEC Standard 60529) and the protection/appliance 
class (see IEC Standard 61140) needed should be considered. The correct reflector types and light 
distribution system must be chosen. In addition, the usability in general, such as the mounting and 
maintenance effort, should be checked. To install an energy efficient illumination system, these ba-
sic rules should be followed: 1. prefer the use of natural light, 2. plan in accordance with accepted 
reference values, 3. select appropriate light characteristics, and 4. conduct a profitability analysis 
(incl. benchmarking). 
Actions can be taken to increase the energy efficiency of existing illumination systems, such as 
control devices to switch off unused lamps (e.g., by motion detectors or time switches) and adjust-
ing the illuminance to the real requirements. Moreover, spotlights or their components can be ex-
changed (e.g., bulbs through fluorescent tubes or LED, conventional through electronic ballasts, or 
big tubes through small ones). Further actions (if necessary) include regular maintenance, reducing 
the distances between spotlights and the work space, or indirect acts, such as brightening the work 
environment (e.g., bright walls, floors, and ceilings). 
3. Compressed Air
Pneumatic systems are widely used in industrial applications due to their speed, precision, safety, 
and the relatively low weight of pneumatic tools. Nevertheless, the energy losses are high, as only 
25 % of the electrical energy that is needed for compression can be used for the actual work of the 
pneumatic tool (Dena, 2013). A complete system can be split into the following parts: (i) generation 
of compressed air, (ii) storage and control devices, (iii) distribution, and (iv) application. 
(i) The standard pressure of pneumatic systems for industrial applications is 6.3 bar above atmo-
spheric pressure. A 2-2.5 bar is used for low pressure systems. Applications above 10 bar are called 
high-pressure systems. The basic components of compressed air generation are the compressor it-
self and the air treatment, which includes the decrease or elimination of humidity, oil, dust, and 
pollutants. Both components are usually located close to compressed air energy storage. For the 
compression of air, different machinery is available, and turbo compressors, piston compressors, 
and screw compressors are the most popular. Turbo compressors can be distinguished in axial and 
radial types. They are usually used for high flow rates (> 100 m3/min) and low pressures (<10 bar). 
Piston compressors are used for low flow rates (< 20 m3/min), but high pressures (up to 20 bar) 
and screw compressors are used for moderate flow rates (<100 m3/min) and moderate pressures 
(<16 bar). To choose the right compressor, the level of compressed air needed must be calculated. 
This also means that opportunities to lower the pressure level (e.g., pressure adjustments, loss re-
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duction) should be considered. Only compressors with a high efficiency should be installed. If the 
amount of air varies systematically, multiple smaller aggregates should be used rather than one large 
compressor (that would often run in partial load). The technology used should always be checked 
for appropriate maintenance. 
Figure 6.3 Components of a Compressed Air Unit
Source: Atlas Copco (2009)
A condensate separator is necessary for compression and cooling. A condensate is an environmen-
tally hazardous waste and requires suitable disposal. The condensate separator does not replace air 
drying because the compressed air is still saturated with water vapor. To avoid condensation in the 
piping systems, fixtures, and appliances, compressed air must be dried either by cold dryers, adsorp-
tion dryers, or membrane dryers (for low flow rates). The temperature at which the condensate is 
released from the air is called the dew point. After the drying filtration of the air, it is necessary to 
eliminate impurities, such as oils, dusts, and hydrocarbons. The flow through filters creates pressure 
losses that increase with the grade of filtration (air purity). These pressure losses (as all others) must 
be compensated for by the compressor’s performance. Some measures consider the energy increase 
with around 10 % needed for 1 bar of additional pressure. Thus, the use of the right filter can save a 
considerable amount of energy. The same is true for regular filter replacement because the pressure 
loss increases exponentially when the filter needs to be cleaned or changed. 
(ii) The main task of compressed air energy storage (CAES) is the storage and provision of short-
term amounts of air at a specific pressure level. CAES can stabilize the required compressor’s peak 
power. Hence, maximum power consumption can be reduced along with the cost of the power sup-
112
ply. In addition to a central system decentralized storage can be used near the air appliances when 
short-term peak loads occur. When in doubt, a larger CAES should be selected (Dena, 2012). This 
should also be done when the “pressure content product” (pressure multiplied with volume) re-
quires different inspection intervals, and therefore there are different maintenance costs. A suitable 
storage system that can make air usage independent from generation should be installed. 
The type of (closed-loop) control used for the system has a decisive impact on the energy efficiency 
of compressed air systems. For instance, with an appropriate superior control, up to 20% of energy 
costs can be saved (Atlas Copco, 2009). Based on the pressure gradient of the sensors, the control 
system independently detects the amount of compressed air required. Accordingly, the compres-
sors are switched on or off. It is important that the control unit can determine the performance of 
the compressors and can independently select the optimal combination. The most common type 
of control for coordinating multiple compressors is a cascade control in which each compressor is 
assigned a certain switching range; however, this type of control is only suitable for installations 
with up to four compressors. For higher-level control systems, a pressure band control with a target 
pressure setting can be used. Variable speed compressors maintain a preset pressure by varying the 
air quantity, which eliminates the settings of on or off pressures (Kaeser, 2010).
Figure 6.4 Pressure Fluctuations in Cascade Control (dark line) and Pressure Band Control 
(bright line). The shaded areas symbolize the compressors to be controlled 
in this stylized superior control scheme. 
Source: Author’s own elaboration
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Internal controls include discontinuous and continuous systems. For compressors, which are not 
speed-controlled, the full-load-idle-running-control is the most commonly used. When the oper-
ating pressure reaches the lower pressure limit, the compressor will start. When the upper pressure 
limit is reached, the compressor idles. After a predetermined idle time, the compressor is turned 
off. An advantage of this control scheme is the short reaction time without turning the compressors 
on and off too often. A disadvantage is that during idling, compressors still consume power. Elec-
trical power consumption during idling can be 20-50% of rated power. Thus, compressors should 
be speed-controlled if possible (e.g., by frequency conversion). The continuous control system is 
the most efficient, though the costs for the control system are higher than for discontinuous control 
systems.
(iii) For the distribution of compressed air, there are main lines, distribution lines, connection lines, 
and the connections themselves. The main line connects the compressor with the distribution net-
work and should be sized in such a way that reserves are available for future expansion. Distribu-
tion lines carry the air to different consumption segments and can be designed as loops or stubs, 
and there should be a sufficient number of condensate drains with appropriate slopes. Connection 
lines connect the distribution with the machine workplace. The connection accessories are critical 
points of a compressed air system. Often, pneumatic fittings and hoses are dimensioned incorrectly 
and thus lead to unnecessary energy loss. In well-designed compressed air systems, pressure losses 
should be less than 0.03 bar for each type of line.    
If the diameter of the lines is too small, pressure losses increase. The same is true for distribution 
structures with difficult fixtures (e.g. 90°-curves). Deviation from the correct pressure decreases or 
increases air consumption and leads to a disproportionate decrease in productivity, or energy waste. 
Table 6.2 Relations between flow pressure and air consumption
Flow pressure 
at tool [bar] Air consumption [%] Consequence Action
8.0 125
wasting of energy throttle control
7.0 111
6.3 100 optimal performance
6.0 96 disproportionate  
decrease in productivity pressure increase5.0 77
Source: Dena (2013)
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The entire pipe system should be checked for leakage regularly. In old piping systems with no corro-
sion-resistant materials or defective pneumatic tools, there are often leaks. Based on measurements 
when no pneumatic tool is working, e.g., by a so-called pumping test, the amount of leakage can be 
determined. To achieve this, a compressor is started with a fixed flow rate. When the maximum sys-
tem pressure is reached, the compressor switches to idle. Due to leaks, the pressure in the network 
drops until the lower switching pressure of the compressor is reached. This process is repeated until 
a saw-tooth curve arises, which gives access to loading and unloading times. Based on this time 
series, the amount of leakage can be derived. If it is greater than 10%, leaks in the system should be 
eliminated. Leakages usually occur in the final meters to the air appliances/consumers (e.g., defec-
tive connection hoses, valves, or seals). The leak share can be 20-40% of the produced compressed 
air quantity (Dena, 2013). Air losses, and therefore energy losses, through leakages are high. For 
example, a single hole with a diameter of only 1 mm in a 6-bar system causes air losses of 1.2 l/s, 
which is about 0.3 kW of energy loss. A hole of 3 mm causes losses of 11.1 l/s, or 3.1 kW. Assuming 
that the system runs 4000 h/a and the price for electricity is 0.1 USD/kWh, the costs would amount 
to 120 USD/a or 1240 USD/a for just one hole in the line. Leaks in the line network should be elim-
inated during regular servicing as part of a stringent maintenance strategy.
(iv) The application of compressed air in pneumatic tools, especially at the right pressure, is also im-
portant. When the pressure is too high, the generation of compressed air causes unnecessarily high 
costs. When the pressure is too low, the performance of the tool is reduced, and thus working times 
are prolonged. A fall below the standard pressure by 10% can result in up to a 50% reduction in 
performance depending on the tool and application. To reduce pressure losses in connection hoses 
with flow deflections and small diameters (spiral hoses), their lengths should be as short as possible. 
Outdated self-venting quick couplings can cause pressure drops of 0.6-1.3 bar (due to a need for a 
shut-off in the air flow). Modern quick release couplings reduce these losses to 0.2 bar.
Because the potential to improve energy efficiency is often found in the final meters to the tool, the 
investigation should begin with pneumatic tools (air applications). For a classification of the results 
of efficiency considerations, it is advisable to compare the energy performance indicators (EPIs) 
that are available. Benchmarking can take place within a company or between companies. Because 
many different air application tools result in a variety of pressure levels, pneumatic tools should be 
grouped. The design of the entire system should then be based on these application groups. Whether 
there are opportunities to substitute pneumatic tools with electric tools should also be determined. 
A pneumatic system should systematically be improved by describing the current state, calculating 
the target state, evaluating the efficiency potential, and controlling the realized improvements. An-
other important aspect of a pneumatic system is the (re)use of heat that occurs when compressing 
air. 
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Figure 6.5 Illustration of Energy Conversions 
Source: Hesselbach (2012)
4. Electromechanical Drives
Electrical motors and motion devices are crucial in the maquiladora sector because they are neces-
sary not only in pneumatic systems but also for pumps, conveyor technology, or devices for heating, 
ventilation, and air conditioning. The potential for energy and cost savings is high. In Germany, for 
example, the possible decrease in the field of drive technology is estimated to be approximately 6 
TWh/a (until 2020). Electromechanical drives can be classified as: (i) the electric motor including 
reactive power compensation, (ii) transmission, (iii) work machines, and (iv) control devices. Work 
machines are devices used for compressing, pumping, moving, and so on.  
When attempting to make energy efficiency improvements to electromechanical drives, the steps 
used for systematic optimization should be followed: analyzing the current situation, determining 
the real demand, assessing the energy performance, creating an action plan, implementing the pro-
posed actions, and reviewing the enhanced performance.
(i) Electric motors in general can be divided into AC motors and DC motors. AC motors can be 
subdivided into synchronous, asynchronous, and universal motors. More than 90% of the motors 
used in industrial applications are three-phase asynchronous motors. 3~AC motors are virtually 
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free of maintenance due to their robust design. Because the rotor speed is less than the speed of 
the stator magnetic field, the amount of slip (usually 1-10%) must be considered. In cage induction 
motors, the rotor windings are short-circuited so that a current is induced to be contactless in the 
rotor by the alternating field in the stator. This AC motor runs without sparking. In slip-ring induc-
tion motors, the rotor windings are led to the outside so that the characteristic of this motor can 
be changed by resistance in the rotor circuit. This AC motor is therefore suitable for applications 
with heavy load starts. A disadvantage is that they are more prone to abrasion due to their design. 
Through the downstream connection of continuously variable transmissions, robust cage induction 
motors with variable speeds are widely available. Electric motors are mainly standardized by IEC 
and EN regulations and standards.
The efficiency of asynchronous motors is highly dependent on the energy efficiency and perfor-
mance class of the motor. For IE3-Motors with 0.75 kW power, for example, the efficiency is approx. 
82%, and a motor with 55  kW is approximately 96% (COMMISSION REGULATION (EC) No 
640/2009, IE = International Efficiency). Figure 6.6 provides an illustration.
 
Figure 6.6 Efficiency of Electric Motors
Source: Author’s own elaboration
For the selection of electric motors, the operational task, the motor’s power consumption, and the 
operating time, or lifetime, should be considered. Due to their long lifetime, especially for asyn-
chronous motors, the cost for electricity is the primary lifecycle cost. Thus, only electrical motors 
of a high class of efficiency should be used. Old, inefficient motors should be substituted. For a 
well-dimensioned system, the electric drive power should not exceed the required power by more 
than 20%. Common causes of an oversized drive system are missing load profiles or high security 
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surcharges. When there are frequent load fluctuations in the drive, the power consumption can be 
reduced significantly using frequency converters for speed control. In addition, actions that can 
reduce reactive power, e.g., by using capacitors, are recommended.
(ii) Transmission units transmit the mechanical power of the electric motor to the work machine. 
The transmission can be operated directly via a rigid or flexible coupling or indirectly via gears. 
When indirect connections are used, energy losses of up to 20% are possible (Dena, 2013). There-
fore, whether or not direct coupling is possible should always be determined. Variable speeds can 
also be used through frequency converters in combination with electric motors. When gearboxes 
with fixed or flexible adjustment mechanisms are used, their efficiency should be checked. Usually, 
traction drives (such as flat belts, V-belts, toothed belts, or chains) and pinion gears (such as spur 
gears, bevel gears, worm gears, or planetary gears) are used. Traction drives are usually a cost-saving 
alternative, but they do have a limited range of transmission ratios. Their nominal efficiency is on 
average a bit lower compared to pinion gears, which are more expensive but do not require much 
maintenance. Pinion gears are insensitive to dirt and provide better protection against contact. The 
various possibilities of gearbox combinations can also improve energy efficiency.
(iii) Some important work machines of electromechanical drives are compressors (see above), 
pumps, heating, ventilation, including air conditioning applications and material handling. Because 
they are all GPT groups with several different aspects to consider regarding energy efficiency, they 
cannot be discussed in more detail in this chapter. 
(iv) The control devices of a motor ensure that the engine power is adjusted to the actual need. The 
most common ways to influence the performance are pole-changing motors, star-delta starting, soft 
start devices, and frequency converters. For pole-changing motors, the number of revolutions per 
minute can be changed in stages by changing the number of pole pairs. For a continuous variable 
speed, control frequency converters are required. Modern converters can return the braking energy 
of electrical machines to the grid, which can lower the overall power consumption. Using the star 
operation of an asynchronous motor, the inrush current and the torque are reduced to approximate-
ly 30% compared to a delta operation. This is relevant for applications in which the load increases 
with the speed of the motor, e.g., fans and pumps. For tasks in which the load cannot be connected 
after start-up, soft starters can be used, which allows for current limiting and torque control.
In sum, illumination systems, compressed air systems, and electromechanical drives are some of the 
most important GPTs to be taken into account regarding energy consumption due to their wide and 
intensive use in nearly all industrial companies, from small and medium to large-scale enterprises. 
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7. SERVICE-LEANING FOR SUSTAINABILITY AT THE UNIVERSITY OF VECHTA
Marco Rieckmann
1. Introduction
Currently, humanity is facing a range of global social, economic, cultural, and ecological challenges 
that threaten the long-term survival of the human species. Therefore, a radical transformation of 
the economic system, societal organization, and individual lifestyles—a “Great Transformation” 
(WBGU – German Advisory Council on Global Change, 2011)—is needed. Since the Rio Earth Sum-
mit in Rio de Janeiro in 1992, the concept of sustainable development has been viewed as a concep-
tual basis for creating this transformation.
Universities can play a crucial role in facilitating the sustainable development of global society by 
integrating sustainability as a cross-cutting principle in education, research, campus management, 
and outreach. Many universities from around the world have already integrated higher education 
for sustainable development (HESD) in their curricula (Michelsen 2016; Thomas 2016; Wals et al. 
2016).
Higher education for sustainable development aims to raise awareness of the unsustainability of the 
current global development model and to qualify future decision makers to promote the transfor-
mation needed. Individuals should be empowered to become change makers (Heiskanen, Thidell, 
and Rodhe 2016). Therefore, the purpose of higher education for sustainable development is to 
provide students with sustainability competencies (Rieckmann, 2012). Sustainability competencies 
are competencies that enable individuals to contribute to sustainable development by promoting 
societal, economic, and political change as well as transforming their own behaviors. In the aca-
demic discourse regarding higher education for sustainable development, several different com-
petencies have been described as crucial for sustainable development. Some of the most important 
sustainability competencies are systems thinking, futures thinking, values thinking, strategic think-
ing, collaboration competence, critical thinking, and problem-solving competence (Gardiner and 
Rieckmann, 2015; Rieckmann, 2012; Wals, 2015; Wiek et al., 2016).
Competencies must be developed rather than taught (Weinert, 2001). Therefore, teaching and 
learning approaches that are learner-centered and facilitate competence development are needed 
in higher education (Barth et al., 2007; Vila, 2012). There must be a shift from teaching to learning. 
Universities should create learning settings that can be characterized by aspects such as self-di-
rected learning, participation, problem-orientation, inter- and transdisciplinary learning, and both 
formal and informal learning (Barth et al., 2007). These learning settings allow for the development 
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of key competencies needed for managing (un)sustainable development. Thus, particularly suitable 
pedagogical approaches are project-based learning, research-based learning, and service-learning.
Service-learning engages students in active, relevant, and collaborative learning and is character-
ized by its equal focus on both the service being provided and the learning that is occurring (Bringle 
and Hatcher, 2000). Bringle and Hatcher (1995, 112) define service-learning as 
“a seminar-based, credit-bearing, educational experience in which students (a) participate 
in an organized service activity that meets identified community needs and (b) reflect on the 
service activity in such a way to gain further understanding of seminar content, a broader 
appreciation of the discipline, and an enhanced sense of civic responsibility.” 
Sigmon (1997) emphasizes the two-way process of learning, which is between those who provide 
the service and those who receive it, as an experiential education approach that is premised on 
reciprocal learning. Accordingly, service-learning occurs when there is a balance between learning 
goals and service outcomes. Engaging students in meaningful projects contributes to deep learning 
by combining theoretical with practical knowledge and providing them with fundamental con-
cepts. Service-learning programs have an academic context and are designed in such a way that the 
service aspect enhances learning and the learning process enhances service in an integrated way, 
rather than as merely a supplementary activity. A significant advantage of service-learning is its 
combination of formal learning (in the classroom) and informal learning during project work with 
a partner organization (Barth et al., 2014). Both types of learning must be related to one another 
through reflection. A service-learning project comprises a circle of defining, planning, conducting, 
and evaluating a project. All steps must be completed by the students in collaboration with their 
service-partners.
In summary, service-learning enables students to gain new knowledge and develop sustainability 
competencies in an experiential learning process as active service providers on one hand, and on 
the other hand, it facilitates organizational changes toward sustainability in the service-partner’s 
institution. The ways service-learning can be implemented in practice are described in the following 
sections based on the case of the University of Vechta in Germany.
2. Sustainable Development of the University of Vechta
The University of Vechta, which is located in the State of Lower Saxony in Northern Germany, 
strives to integrate the concept of sustainable development in all functional areas: research and 
teaching, administration, and campus management. To promote this process, the university estab-
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lished a working group called “Sustainable University” in 2014. The ongoing sustainability activities 
of the University of Vechta are:7
 § Student initiatives (e.g., sneep – student network for ethics in economics and practice, and 
students supporting refugees)
 § Campus greening activities (e.g., using recycled paper and Green IT)
 § Regional Center of Expertise in Education for Sustainable Development Oldenburger 
Münsterland
 § Research and development projects for sustainable development (e.g., projects on edu-
cation for sustainable development in teacher education, sustainability-driven entrepre-
neurship education, and sustainable agriculture)
One of the sustainability research and development projects currently carried out at the University 
of Vechta is the project “Competencies for A sustainable Socio-Economic development” (CASE).8 
This project is funded by the European Union within the framework of the program “Erasmus Plus 
– Knowledge Alliances”. The project is implemented by ten partners from five countries under the 
coordination of the Regional Center of Expertise (RCE), Vienna, located at the Vienna University of 
Economics and Business. The other partners are Free University Bolzano (Italy), Masaryk University 
Brno (Czech Republic), University Gothenburg (Sweden), BOKU – University of Natural Resources 
and Life Sciences (Austria), University of Vechta (Germany), Wiener Stadtwerke (Austria), Terra 
Institute GMBH (Italy), Environment Center Kapraluv (Czech Republic), and Ekocenter Gothen-
burg (Sweden). The CASE project aims to support the development of competencies for sustainable 
socio-economic development. Therefore, the project is developing a curriculum for a joint Master’s 
program on sustainability-driven entrepreneurship.
For higher education for sustainable development, the University of Vechta offers courses on sus-
tainability in the area of General Studies called “Profilierungsbereich” (profiling area), courses on 
education for sustainable development in teacher education, and a major in economics and ethics 
in the Bachelor of Combined Studies. Service-learning is a crucial element of the courses on sus-
tainability in General Studies.




3. Service-Learning Courses at the University of Vechta
Since 2014, the University of Vechta has implemented project-based service-learning courses on 
topics of sustainable development. The courses are offered in the Profilierungsbereich (profiling 
area) of the Bachelor programs at the University of Vechta. The Profilierungsbereich includes 
various courses that are offered for different undergraduate study programs (General Studies), 
which facilitate the development of professional, methodological, social, and action competencies. 
All undergraduate students at the University of Vechta must take some courses from the Pro-
filierungsbereich. The sustainability modules are part of the section “Developing Action Compe-
tencies” of the Profilierungsbereich.
One of the sustainability modules is Module OB-14 Sustainable Development. Table 7.1 displays the 
service-learning courses that were carried out in this module between 2014 and 2016.
Table 7.1 Courses of the Module OB-14 Sustainable Development
Name of the Course Sustainable Development in Vechta
Corporate Sustainability 
Communication
Term Winter term of 2014/15 Summer term of 2015 /  winter term of 2015/16
ECTS 5 CP 5 CP
Students 29 24 / 18
Semesters 3-6 2-6
Program Bachelor, Profilierungsbereich Bachelor, Profilierungsbereich
Partners Local environmental NGO (BUND)
Local enterprises 
(Lebensbaum; Piepenbrock)
Source: Author’s own elaboration
The course “Corporate Sustainability Communication” was offered twice: in the summer term 
of 2015 in cooperation with the enterprise Lebensbaum, a company that produces organic and 
partly fair-traded spices, tea, and coffee, and in the winter term of 2015/16 with the enterprise 
Piepenbrock, a company that offers building cleaning, facility management, maintenance, 
and security. The course was developed and implemented in the framework of the CASE proj-
ect as a pilot course in which service-learning in cooperation between the university and lo-
cal business partners was tested. Both times, the general structure of the course was the same. 
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At the beginning of the course, the students were informed of their intended learning outcomes:
 § To be able to describe the concept of sustainable development
 § To be able to reflect critically on the concept of sustainable development and to describe 
their own points of view
 § To be able to explain and compare different relevant strategies and approaches of corpo-
rate sustainability communication
 § To be able to deal with complex topics and relationships
 § To be able to plan, implement, and evaluate a project
 § To be able to collaborate with students from different disciplines and relate different dis-
ciplinary perspectives
As the course is an optional course for students from different undergraduate study programs, the 
group is quite diverse. The students are mainly from business and ethics, social sciences, education, 
social work, and gerontology majors.
To engage students in active, relevant, and collaborative learning, the course is divided into three 
phases: (1) theoretical input and reflection, (2) project work, and (3) presentation and reflection.
During the six-week theoretical input and reflection phase, special emphasis is given to the clarifica-
tion of the concepts of sustainability, sustainability communication, and sustainability communica-
tion in enterprises in particular. These concepts are presented to the students, and based on inputs 
and text reading, students must discuss and critically reflect on the concepts. The following teaching 
and learning methods are used in this phase: short lectures by the teacher, reading academic papers 
about the different theories and concepts, student group work, and plenary discussions.
During the six-week service-learning oriented project work phase, student groups develop projects 
for and in cooperation with the service-partners (Lebensbaum and Piepenbrock) supervised by 
their teacher. The student projects are informed and guided by the theoretical considerations of 
the input phase. All projects are conceptualized to explore how the sustainability communication 
of enterprises can be enhanced and improved. This engagement with the “real world” calls for close 
collaboration between students, teachers, and service partners facilitated by weekly meetings of 
the project groups and a regular dialogue with the service partners as well as teachers. While some 
student groups communicate more regularly with the service partners, others have more sporadic 
contact.
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During the two-week presentation and reflection phase, students present the results of their projects 
to the service partners and the teacher (during an excursion to the enterprise) and reflect on the 
entire process. The course concludes with written project reports that describe the theoretical back-
ground and the project results. The oral presentation, including feedback from the service partners 
and the teacher, and the report writing within the project group provide the opportunity for critical-
ly reflecting on experiences gained during the project work. Table 7.2 illustrates the course schedule.
Table 7.2 Schedule of the “Corporate Sustainability Communication” course
Timeline Class titles
Week 1 Introduction to the course and sustainable development
Week 2 Sustainable economy
Week 3 Sustainability communication I
Week 4 Sustainability communication II
Week 5 Corporate sustainability communication
Week 6 Corporate sustainability communication of a local enterprise
Week 7 Project work
Week 8 Project work
Week 9 Project work
Week 10 Project work
Week 11 Project work
Week 12 Project work
Week 13 Presentation of the results of the projects
Week 14 Final discussion and course evaluation
Source: Author’s own elaboration
The course is assessed based on the group presentations of the results of the projects in week 13 and 
on the submission of the group reports of the project results.
For the project work phase, students are assigned the following task:
 § To conduct in groups of 4-5 students a project that focuses on the development of con-
cepts of corporate sustainability communication in cooperation with and as a service for 
a local enterprise
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This task includes the following sub-tasks:
 § To choose a challenge of corporate sustainability communication
 § To define a target group and communication objectives
 § To include concepts from theories
 § To develop a communication concept
 § If possible, to practically test the communication concept
 § To reflect on the results
 § To present the results
 § To write a report
If needed, each group can receive funding (up to 50 euros), such as for printing posters or flyers.
In week 6, representatives of the local enterprises present their corporate sustainability communi-
cation and related challenges to the students. Based on this information, the students choose a chal-
lenge to address in their concept development. Some months before the beginning of the course, the 
enterprises are contacted, and the representatives of the enterprise and the teacher determine which 
sustainability challenges will be presented to the students.
In the two courses offered in 2015 and 2016, the projects ranged from improving communication of 
sustainable supply chain management to enhancing social media communication, communicating 
sustainability in the recruiting process, and developing a concept for sustainability days at the en-
terprises. Table 7.3 presents four of these projects.
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Service partner Lebensbaum Lebensbaum Piepenbrock Piepenbrock
Idea
To visualize how the 
enterprise selects and 
controls its suppliers
To use Facebook for 
communicating the 
sustainability activi-
ties of the enterprise 
to the customers
To use sustainability 
in the recruiting 
process for show-
ing candidates the 
high sustainability 
performance of the 
enterprise
To inform the 
employees of the 
enterprise about 
sustainability and 
involve them in sus-
tainability activities
Results
A figure that visual-
izes the sustainability 
supply chain man-
agement that can 




with the Facebook 
communication of a 
similar enterprise
A concept for en-
hanced Facebook 
communication
A concept for 
making sustainabil-
ity more visible on 
the website of the 
enterprise and in the 
recruiting process
A concept for sus-
tainability days at 
the enterprise
Source: Author’s own elaboration
All student projects reflect service-learning. Service outcomes were achieved as direct contribu-
tions to enhancing the sustainability communication of the enterprises. Furthermore, the courses 
provided a two-way process of learning involving those who provided a service and those who re-
ceived it. Thus, a balance between learning processes and service outcomes was achieved.
In the summer term of 2016, the project-based course “Sustainable development in the region 
Oldenburger Münsterland: Solving problems with innovative projects” was offered in the Module 
OB-14 Sustainable Development. In this course, which is also a pilot of the CASE project, students 
investigated the concept of sustainability-driven entrepreneurship and received input from local 
actors (such as an environmental NGO, a farmers’ association, and a common economy group) 
on regional sustainability challenges. Using this information, student groups developed a business 
plan for a start-up company that aims to facilitate sustainable development in the region. During 





Because it facilitates the development of sustainability competencies in students, higher education 
for sustainable development is a key driver for change and transformation. The case of service-learn-
ing courses at the University of Vechta shows that service-learning can offer rich learning settings 
in which students encounter and address real-life sustainability challenges. Based on these activities 
and the related learning and reflection processes, students can develop various sustainability com-
petencies that are required to manage such challenges. Furthermore, service-learning contributes 
directly to a sustainable transformation at the local level by supporting local actors in implementing 
and enhancing sustainability activities. In the case described, the students helped local enterprises 
better communicate their sustainability activities to the public as well as to their employees.
The implementation of service-learning projects not only requires a high degree of communication 
and coordination within the student group but also between the students and the service partners. 
They are equal partners, and for the students, it is a challenge to relate their academic knowledge to 
the practical knowledge of the service partners. The teachers are responsible for selecting adequate 
partners for this collaboration, which are partners willing to dedicate at least some time to commu-
nication with the students and to provide feedback periodically. Therefore, it is important that the 
teachers and the service partners clarify their expectations and the conditions of the collaboration 
before the beginning of the course.
Service-learning is only one approach for creating learning settings in which students can develop 
sustainability competencies and become change makers. There are other effective teaching and 
learning approaches, such as research-based learning. All these approaches require a shift from 
teaching to learning in higher education. Teachers must guide the students and facilitate the pro-
cess of competence development. Therefore, they must change their roles from teachers to facilita-
tors of the students’ learning processes. Achieving this goal by offering service-learning courses on 
sustainability challenges requires that the teachers themselves have specific competencies, such as 
sustainability competencies, knowledge about teaching and learning approaches in education for 
sustainable development, and pedagogical competencies for facilitating these types of teaching and 
learning approaches (UNECE – United Nations Economic Commission for Europe, 2012). Capaci-
ty building and professional development are necessary for teachers to develop these competencies 
(Barth and Rieckmann, 2012; UE4SD, 2015).
Service-learning, as well as other competence-based teaching and learning approaches, offers several 
rich learning opportunities for students. At the same time, it enables universities to become in-
volved in local sustainability processes. An increasing number of universities has recognized these 
opportunities and integrated teaching and learning approaches such as service-learning into their 
curricula. Both teachers and students can contribute to this transformation process in higher edu-
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cation by demanding change in higher education, directly promoting change, and sharing infor-
mation. In the framework of the CASE project, different forms of service-learning as well as other 
innovative teaching and learning approaches are currently piloted at participating universities. In 
the future, these experiences will be made publicly available at a Knowledge Platform.
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8. A SUSTAINABLE COMPANY IS POSSIBLE -  
SOME CASE STUDIES AND A MATURITY MODEL
Markus Will
1. Introduction
Businesses of any kind, i.e., not only companies in the public domain or with a vivid public interest, 
such as utilities, mobility providers, or the banking sector, are expected to take responsibility for 
social and environmental impacts beyond fulfilling legal requirements. Key stakeholders, such as 
investors, analysts, and rating agencies, are integrating sustainability factors into their evaluations 
and investment decisions. Stakeholders such as consumers and non-governmental organizations 
increasingly require ethically correct behaviors and demand data regarding a company’s environ-
mental and social performance. Policy makers, regulators, and standard setters also put pressure on 
companies. In the European Union, for instance, reporting on sustainability, i.e., non-financial as-
pects, is now mandatory for larger enterprises with public interests (Directive 2014/95/EU). Com-
panies with more than 500 employees should disclose relevant and useful information regarding 
environmental matters, social and employee aspects, respect for human rights, anticorruption and 
bribery issues, and diversity in their board of directors in their reports. Companies are therefore 
urged to operate in a more socially and environmentally sound way and to manage and improve 
their sustainability performance. Thus, sustainability has made its way to the boardroom10; however, 
businesses often react to increasing external demands and expectations using rhetoric and means 
of public relations, i.e., external communication, reporting, and stakeholder participation. This is 
often more of a camouflage or “blue washing” than true sustainability. 
What is true sustainability? Sustainability is a regulative concept; it is difficult to explain what sus-
tainability does involve as well as what type of business is sustainable. As with other regulative 
concepts, such as love, friendship, or justice, it might be helpful to reverse the question. What love 
does not involve is known. The signs that are definitely not signs of friendship are known. The 
characteristics of a truly unsustainable company are known. An unsustainable company11 creates 
destruction, harm, and damage rather than societal value while maximizing (individual) financial 
profits. It directly or indirectly contributes to12: 
 § the systematic increase in the exploitation of scarce and non-renewable resources and the 
increasing quantity of waste from resource extraction 
10  EY 2010 
11  Schaltegger, 2012:166; Willard, 2009:6.
12  Based on the systems conditions defined by “The Natural Step” (Robert, 2002)
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 § the systematic increase of the concentration of emissions and hazardous and non-hazard-
ous waste from manufacturing, use, and disposal of products 
 § the degradation of ecosystem services 
 § the retention of unsustainable linear take-make-waste production and consumption pat-
terns
The decisions of unsustainable companies are based on inappropriate management systems13 and 
information. Sustainability issues are neglected and considered collateral damage. Therefore, deci-
sions might be unsustainable, or improvement projects are insufficient. The business model of an 
unsustainable company does not reflect sustainability goals and therefore inhibits innovations by 
promoting and strengthening path dependencies in unsustainable production and consumption 
patterns, i.e., the take-make-waste pattern and other patterns of unsustainable development. An un-
sustainable company is clearly a company that practices questionable dealings and markets dubious 
products (see table 8.1 for examples).
The business model of an authentically sustainable company instead focuses on “doing business, 
doing good” and the creation of social and environmental value. Actually, it is not related to what a 
company does with the money earned, such as funding philanthropic activities or donating to char-
ity, but rather how the company makes money (with which resources and under which conditions). 
13  Will et al., 2015
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Table 8.1 Negative and excluding criteria based on the Common Good Matrix 4.114
Values
Violation of ILO norms (international labor standards) / human rights 
Products detrimental to human dignity and human rights (e.g., land-
mines, nuclear power, GMOs) 









Gross violation of environmental standards
Planned obsolescence (short lifespan of products) 
Ecological sustain-
ability
Unequal pay for women and men
Job cuts or moving jobs overseas despite having made a profit
Subsidiaries in tax havens 
Equity yield rate > 10 %
Social justice 
Non-disclosure of subsidiaries
Prohibition of a works council
Non-disclosure of payments to lobbyists
Excessive income inequality within a business
A sustainable company’s practices therefore differ significantly from today’s most common business 
practices. Taken to an idealistic extreme, the sustainable company: 
 § eliminates unsustainable practices and blacklists unsustainable supplies
 § creates value not only for customers but for society as a whole (beyond the creation of jobs 
and income for employees)
 § causes absolutely no direct negative environmental impacts. The company’s activities 
are embedded in social and ecological systems, and they respect their boundaries by us-
ing a circular closed-loop production or a cradle-to-cradle approach (“borrow-use-re-
turn-model”). Companies conserve non-renewable resources by increasing resource pro-
ductivity by factors of 5, 10, and 100. Therefore, the company can pursue a growth strategy 
as long as full decoupling from social and ecological impacts is guaranteed. 
14  Based on the initiative “Economy for the Common Good” and according to Felber, 2015
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 § acts as a “creative destructor” in a Schumpeterian sense, i.e., it provokes a market adjust-
ment by eliminating competitors with sustainability killer applications and products in 
lead markets
 § creates a vision pull, i.e., other companies rigorously attempt to imitate the sustainable 
business model, thereby transforming economies and initiating breakthroughs with a new 
paradigm of strong sustainability
Obviously, this radical description of a sustainable business is a type of utopia. Most enterprises will 
fail to fully meet this ambitious performance level; however, the sketch may guide managers toward 
a designed transformation process and thus toward sustainability. Before this is discussed in more 
detail, a proof of concept must be mentioned: sustainable business is possible. 
2. Case Studies 
There are several examples of successful companies that embrace sustainability and related topics, 
translate them accordingly to their business models, and align strategic management. These types 
of sustainable companies typically: 
1. Begin by eliminating unsustainable practices
2. Make changes where influence and leverage are high to produce a significant difference
3. Involve suppliers and stakeholders in the product lifecycle
4. Align at the strategic level 
In this section, four case studies are presented to illustrate different approaches to and different 
intensities of sustainability. The case studies were derived from a literature review based on publicly 
available information and websites.
2.1.  Interface15 
2.1.1. The Sustainability Story 
Interface produces and reuses modular carpet tiles. Over time and after more than 50 acquisitions, 
the company became the world’s largest producer of modular carpets, producing on four continents 
with sales in more than 100 countries. Interface is a billion-dollar corporation and was named by 
15  Based on: http://www.interfaceglobal.com/Sustainability/Interface-Story.aspx  (2016-02-23), Andersson and 
White (2009)
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Fortune Magazine as one of the “Most Admired Companies in America” and one of the “100 Best 
Companies to Work For.”16
In the early 1990s, the founder and chairman Ray Andersson challenged the entire company to em-
brace a sustainability vision. This required new thinking and new business models. The development 
of a new model that overcame the “take-make-waste” approach to manufacturing and distribution 
was inspired by the international NGO “The Natural Step”17 and the aligned four system conditions. 
In the context of a business, this means: using renewable energy, fitting form to function, recycling, 
and reuse, and creating no waste from operations. To reduce the environmental footprint, Interface 
has implemented several energy-saving technologies in its factories and uses environmental man-
agement and other certification systems, such as LEED18. Interface plans to be using 100% renew-
able energies by 2020. As of 2013, five of seven factories operated with 100% renewable electricity, 
and 35% of total energy use was from renewable sources. Waste reduction efforts since 1996 have 
resulted in a 91% decrease in total waste to landfills from production sites19.  To replace virgin pe-
troleum-based fiber and other raw materials, Interface used 50% recycled or bio-based materials in 
201420. As bio-based materials cannot always be considered sustainable21, the focus is on increasing 
recycled content in the products (up to 80% or even 100%). Post-industrial recycled materials orig-
inate from off-cuts in production processes, while post-consumer materials are collected via a take-
back program in cooperation with carpet reclamation companies22. The ReEntry Program allows 
for reclaiming old carpets and feeding them into separating and recycling processes. Each time the 
tiles need replacement, the customers can choose between cleaning, redesign/reuse, or recycling23. 
2.1.2. What Can Be Learned from This? 
Ray Andersson, the former founder and chairman of Interface Inc., which is a multinational pro-
ducer of carpets, textiles, and architectural products, considered himself a “radical industrialist”24 
and described his journey toward sustainability as being similar to climbing a mountain—a moun-
tain taller that Everest and definitely more difficult to climb. The metaphor of the “mountain” de-
scribes not only the size but also the scope of the challenge. Climbing the mountain may be difficult, 
but it is not impossible. A careful and attentive plan is necessary. Closed-loop business models and 
products, circular manufacturing, and sourcing processes allow for reducing waste to zero while 
16  http://www.interfaceglobal.com/Sustainability/Interface-Story.aspx 
17  http://www.thenaturalstep.org/ 
18  http://www.usgbc.org/leed 
19  http://www.interfaceglobal.com/Sustainability/Environmental-Footprint/Waste.aspx (2016-02-23)
20  http://www.interfaceglobal.com/Sustainability/Products/Manufacturing.aspx (2016-02-23)
21  “When is oil greener than corn? 3 obstacles to bio-based materials” Link (2016-02-23)
22  Interface (2013) 
23  Interface (2013)
24  Andersson and White (2009)
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creating new value for the company (long-term contracts). The sustainable closed-loop business 
model trickles through the entire supply chain. 
2.1.3. What Are the Limits of the Approach?  
Currently, only a small percentage of carpets are reclaimed for post-consumer recycling. Interface 
reclaimed more than 260 million pounds in total, while global carpet removal is estimated at 5 
billion pounds annually; however, critics would say that zero waste and overall carpet recycling 
is still not rigorous enough and that the entire carpet, design, building, and architecture industry 
must fully embrace sustainability. The selection of recycled or bio-based materials must be based on 
sound lifecycle assessments to avoid unintended and collateral damage and to ensure lifecycle-wide 
environmental performance.  
2.2.  Van Houtum 
2.2.1. The Sustainability Story 
Van Houtum is a manufacturer and supplier of hygienic paper and solutions for toilet hygiene based 
in The Netherlands. According to their PR, the company produces the most environmentally friend-
ly toilet paper, Satino Black25, which is made from 100% recovered paper and is certified according 
to the C2C silver level standard (see table 8.2). For obvious reasons, used hygienic paper cannot 
be returned; however, the company encourages consumers to become involved in their recycling 
concept, such as by returning toilet paper rolls and used office paper to produce hygienic papers on 
a limited geographical scale to avoid long-distance transport. The ambitions of the company exceed 
hygienic paper. All chemical substances involved in the production of hygienic paper and soaps 
have been phased out and replaced by natural and bio-degradable ingredients. Satino Black hygien-
ic paper and soap are therefore suitable for the biological cycle according to the cradle-to-cradle 
(C2C) principle. Satino Black now has a complementary product line, including soap dispensers26 
and liquid and foam soaps, which are all C2C certified.   
25  http://www.vanhoutum.nl/en/brands/5195/satino-black.html (2016-02-23)
26  http://www.c2ccertified.org/products/scorecard/satino_black_dispenser , http://www.c2ccertified.org/products/
registry/search&p_company=van_houtum_b.v   (2016-02-23)
137
Table 8.2: Overview on Cradle to Cradle CertifiedTM Product Standard requirements27
Material Health
Classification of all chemical ingredients as  biological or technical nu-
trients. Biological nutrients can be safely returned to nature, technical 
nutrients to industry
Determination of potential negative impacts to human health and en-





Maximization of share of rapidly renewable materials and recycled 
content
Maximization of materials that can be safely reused, recycled or com-




Use of renewable electricity and offsetting of carbon emissions at least 
in final manufacturing stage
Water Stewardship
Managing local geographic and industry water impacts at manufactur-
ing facility
Optimization of industrial chemicals in a facilities effluent
Social Fairness
Self-assessments and third party audits in local purchasing and supply 
chains
Making a positive difference in the lives of employees and the local 
community 
2.2.2. What Can Be Learned from This?28 
Van Houtum is a family run business founded in 1935; however, redesigning the company accord-
ing to the C2C model naturally fit with the traditional culture of the company. Management realized 
that innovation based on C2C principles could lead to reshaping the market. Beginning with a pilot, 
the next step was the integration of suppliers and stakeholders, who were also expected to consider 
C2C principles and to develop a local-for-local, closed-loop model to retain recovered paper in the 
region. Van Houtum not only developed a commercial concept based on a dedicated product line, 
it also organized a campaign for its suppliers to raise awareness and provide training. The company 
also avoided “green communication”; instead, it focused on design and value for customers.  
27  http://epea.com/de/case-studies/van-houtum (2016-02-23), http://www.c2ccertified.org/get-certified/prod-
uct-certification (2017-02-14) 
28  Based on http://www.worldwatch-europe.org/node/181 (2016-02-23)
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2.2.3. What Are the Limits of the Approach?
The dispensers are designed to be recyclable; however, only the basic level of the C2C product 
scorecard is reached. A rigorous return agreement or a leasing model is missing. It is not clear how 
frequently the materials and inputs can be held in the cycle or if downcycling occurs. In Europe, 
the regulations for detergents, bio-degradability, and phosphor content are already relatively strict.
2.3. Mud Jeans Leasing Model 
2.3.1. The Sustainability Story 
Mud Jeans, a Dutch clothes company, was ranked as a more sustainable jeans brand compared to 
other brands, such as Levi’s, Wrangler, or Diesel, by the online platform Rank a Brand29. Mud Jeans 
has implemented measures to reduce the climate impact of production, and it tracks and regularly 
reports its climate footprint. Raw materials are considered environmentally friendly, i.e., recycled 
materials and organic cotton are used for almost the entire collection. The company is a member of 
the Fair Wear Foundation and is involved in improving the conditions of workers in the factories. 
More recently, the company attracted attention as one of the first to make the circular economy a 
real-life business model. Mud Jeans offers a temporary ownership; more specifically, it is possible 
to lease jeans. Customers can pay a monthly fee for wearing the jeans, while Mud Jeans retains 
ownership of the raw materials, i.e., cotton.  Customers are asked to pay a one-time member fee (€ 
20, appr. 21 USD)), and they receive their jeans for a monthly fee of € 7.50 (7,43 USD). After twelve 
months, the customers receive an email offering three options: (1) keep the jeans and stop paying 
the monthly fee, (2) switch to a new pair and continue with the monthly payment (€ 7,50, app. 7,43 
USD), or (3) return the jeans for recycling. In case of returning the jeans, the customer receives a € 
10 (approx. 11 USD) voucher to be used later. Mud Jeans also offers a free repair service, up-cycles 
returned jeans to unique vintage pairs named after the former user, or shreds the jeans. The pieces 
are combined with virgin cotton to produce new denim yarn while reducing water use by 50%30. 
2.3.2. What Can Be Learned from This? 
Due to selling temporary ownership, the company protects itself from volatile cotton prices, while 
customers are allowed to regularly update their wardrobes without sizeable upfront costs. The com-
pany’s model shows that a product-service-combination seems to be feasible for products consid-
ered to be non-consumables. 
2.3.3. What Are the Limits of the Approach?  
Sufficiency is not approached at all. The business strategy instead can be considered a clever mar-
keting move that enhances customer retention. 
29  http://rankabrand.org/sustainable-denim-jeans/Mud+Jeans (2016-02-23)
30  http://www.mudjeans.eu/lease-a-jeans/ (2017-02-14) 
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2.4.  Ben and Jerry’s 
2.4.1. The Sustainability Story31
Ben and Jerry’s, the world-famous ice cream company, has changed its industry sector considerably 
through creative marketing, endless innovation, and its respectable stance on ethical matters. The 
company is certified as a Benefit Corporation (B Corp), as it fulfills the highest standards for social-
ly responsible businesses. The company decided to strictly adhere to the following principles: 
 § Social principles: To operate the company in a way that actively recognizes the central role 
that business plays in society by initiating innovative ways to improve the quality of life 
locally, nationally, and internationally
 § Product: To make, distribute, and sell the finest quality, all-natural ice cream and euphoric 
concoctions with a continued commitment to incorporating wholesome, natural ingredi-
ents and promoting business practices that respect the Earth and Environment
 § Economic: To operate the Company on a sustainable financial basis of profitable growth, 
increasing value for our stakeholders and expanding opportunities for development and 
career growth for employees
The principles manifest on different levels and with respect to the different dimensions of sus-
tainability. Ambitious future goals remain negotiable in the case of conflicting goals. For example, 
long-lasting relationships with local suppliers are considered as more important than a fair trade 
certification. In line with the social mission statement, fairness with local suppliers and maintaining 
working relationships is prioritized above certification needs. 
Ben and Jerry’s declared that it is climate neutral after cutting GHG emissions by 10%, maximizing 
energy efficiency, and offsetting unavoidable climate impacts by investments in wind farms, biogas, 
and photovoltaic projects. 
2.4.2. What Can Be Learned from This? 
An ethical attitude and effective sustainability initiatives work well and can be compatible with 
business success in conventional terms. Mission statements may help guide the course if translated 
to real-life projects. Ben and Jerry’s is a good example of pursuing established values and using a 
business model to support a mission statement. 
31  This section is based on: http://www.british-assessment.co.uk/articles/ben-and-jerrys-a-model-of-sustainability 
(2016-02-22)
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2.4.3. What Are the Limits of the Approach?  
The founder of the company certainly had a mission when starting the business in 1978. Over time, 
he attempted to make his claim a reality: making the best possible ice cream in the best possible 
ways; however, the impact of the company is limited because it is a premium market niche within 
the food industry. It can be assumed that a relatively narrow target group of conscious consumers, 
called LOHAS32, are willing to pay higher prices for the products due to the excellent taste and qual-
ity of the products. Currently, Benn and Jerry’s is a global subsidiary of Unilever33, which pursues a 
growth strategy. 
3. The Sustainability Journey 
The progress of an organization towards sustainability is often described using the metaphor of “a 
journey.” This suggests that a business is moving away from business-as-usual practices by adapting 
to challenges, aligning strategies, and finally improving performance34. Willard applied a five-stage 
model from pre-compliance (stage 1) to the sustainable company (stages 4 and 5). Companies that 
are not compliant with legal regulations are considered stage 1 enterprises. Currently, an increas-
ing number of companies are engaged with environmental and social  management systems (ISO 
14001, ISO 50001, ISO 45000, OHSAS 18001, etc.) and are therefore considered stage 2; however, 
true sustainability goes beyond legal compliance and an efficiency approach focusing on low-hang-
ing fruits without questioning the raison d’être of the company’s activities and outputs. Corporate 
sustainability management should never begin from scratch. There should be a sound baseline for 
true sustainability, which is legal compliance. Like a child, a company cannot walk before it can 
crawl. Therefore, it is rather impossible to skip any stages when trying to make sustainability a part 
of an organization (see Table 8.3). 
32  LOHAS means Lifestyle of Health and Sustainability 
33  https://en.wikipedia.org/wiki/Ben_%26_Jerry%27s 
34  For a rather critical discussion, see: Milne et al. (2006)
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Flouting on environmental, health, and safety regulations
Lying and cheating mode of operation, primarily in corrupt jurisdictions with-
out enforcement of standards 
High exposure to legal and reputational risk if detected 
Stage 2: Compliance
Managing liabilities by obeying labor, environmental, health, and safety regu-
lations to avoid fines, prosecution, and bad PR
Environmental Management System according to ISO 14001 or EMAS III im-
plemented
Effective policies and measures on environmental protection and human 
rights
End-of-pipe pollution abatement technologies installed
Reactive approach: fulfillment of legally binding requirements, externalization 
and off-shoring of environmental and social collateral damages still possible
Stage 3: Beyond compliance Improved working conditions and active capturing of “low hanging fruits” to enhance eco-efficiency
Stage 4: Integrated Strategy
Rebranding the company as a sustainable one
Deep integration of sustainability into business strategies and culture
Sustainable borrow-use-return business model (circular economy, cra-
dle-to-cradle)
Explicit contribution to the common good, a better world
Managerial focus: be a successful company
“Stage 4 companies do the right thing because they’re good for the company: 
they’re also the right things to do”36
Stage 5: Purpose and
Mission Driven
All aspects of stage 4
Business strategy and operation reflect purpose and passion
Mission-driven business: the goal is to make the world a better place, the mean 
is a successful company
“Stage 5 companies do the right things because they are the right things to do; 
they’re also good for the company” 37
Companies move voluntarily to stage 3 when they realize that cost reduction is feasible by proac-
tively enhancing energy and resource efficiency. An incremental innovation of internal operations 
may help to save energy and water and to reduce emissions, waste of production, and packaging.  
Sustainability programs are institutionalized (and marginalized) in specialized departments rath-
er than being integrated into the corporate management systems. Measurements clearly focus on 
35  Willard, 2009
36 Cited from Willard, 2012:23
37  Cited from Willard, 2012:23
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actions that quickly generate results through picking “low hanging fruits” without questioning 
corporate culture. Stage 3 companies produce the same types of products and services but in a 
more efficient way. Savings are passed directly to the bottom line (i.e., not reinvested in continuing 
improvement). Proactive actions are also taken to improve external communication and to avoid 
negative PR or to discourage new regulations. All this is necessary, as it makes the activities of the 
company less unsustainable; however, due to the law of diminishing results, the annual goals for 
reduction of waste generation, electricity consumption, and elimination of toxic substances are in-
creasingly difficult to meet. Companies must therefore take a great leap to transform to stage 4. This 
requires activities in different stages: 
• Stage 3.1: 
 § Focus on the supply chain to capture eco-efficiency and improve working conditions of 
operations and processes of suppliers 
 § Greening of the supply chain, i.e., forcing suppliers to fulfill ambitious environmental 
standards or terminating B2B relations
 § Sustainable procurement 
 § Lifecycle assessment of products or Environmental Product Declarations (EPD) to be 
published
• Stage 3.2: 
 § Integration of stakeholders to create innovative and sustainable products and to position 
the company strategically in new markets (note: this might only be possible for end-prod-
uct producers)
 § Reinventing product-service-combinations or leases (instead of selling products, com-
bined with obligatory take-back programs)  
• Stage 3.3: 
 § Integration of sectoral management systems to align a company’s governance with sus-
tainability principles
 § Embedded sustainability rules in financial management and investment strategies 
 § Comprehensive sustainability reporting and disclosure
 § Internal remuneration and incentive systems focusing on sustainability
The new requirements of ISO 14001:2015 provide beneficial guidelines, particularly with respect 
to the integration of stakeholders, in consideration of the context of the organization, and from the 
extended lifecycle perspective, integrating upstream and downstream environmental impacts.  
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Companies considered sustainability champions, such as Interface, Ben & Jerry’s Ice Cream, The 
Body Shop, or Patagonia, have either undergone an intermediate improvement process (from stage 
3 to 4) or have begun their businesses at the end of stage 5. These businesses are typically found-
er-owned and mirror their founder’s values in the organizational culture. They often do not report 
on or even consider sustainability; rather, they simple implement it. 
4. Conclusion 
Sustainability is a challenging and complex topic. The normative demands of the concept are con-
trary to conventional business logic that focuses on profit, growth, and efficiency. When facing a 
global hyper-crisis (migrations, financial sectors, economic depressions, resource scarcity, environ-
mental problems, etc.), businesses must contribute their shares for the common good. Approaching 
sustainability with communication tools, such as sustainability reports, often leads to greenwashing, 
and the enlightened consumer is able to recognize this; however, as shown in this chapter, another 
business model is possible. There are ways to transform companies from doing business and making 
profits to contributing to society and the environment. The case studies presented show organiza-
tions whose approaches can be used as exemplary models. For a major transformation, efforts of 
other actors, governments, and customers are necessary. Let’s do it. Now. 
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9. LIFE CYCLE ASSESSMENT EXPERIENCES IN MÉXICO: AN AUTOMOBILE EXHAUSTS 
MANUFACTURING CASE
Javier Esquer, Nora Munguia, David Zepeda
1. Introduction
Increased levels of production and consumption in industrial development remain an obstacle for 
sustainability (Hueting, 2010) mainly due to the accelerated exploitation of natural resources and en-
vironmental pollution (Calvente, 2007), producing irreversible issues that affect human health and 
quality of life (Matutinovic, 2006). Due to the need to better manage resources and waste to reduce 
and control environmental impacts as well as to reduce their effects on the population throughout 
the life cycle of products (Sharma et al., 2010), several tools and methodologies have been used to 
integrate sustainability principles into production processes (Franceschini and Pansera, 2015). 
The Life Cycle Assessment (LCA) technique is one tool used to understand the life cycle environ-
mental performance of products or services (Rebitzer, 2005) and is defined as the compilation and 
evaluation of the inputs, outputs, and the potential environmental impacts of a product system 
throughout its life cycle (ISO 14040:2006, 2006). LCA facilitates decision making on issues con-
cerning the environment-industry relationship and allows for reviewing and updating environmen-
tal performance indicators along with redesigning products and integrating environmental aspects 
into products (Sanes, 2012). In this sense, results from this technique are used by managers to make 
decisions regarding different types of materials, technologies, and energy that have a lower impact 
on the environment in a holistic, objective, and comprehensive way (Baitz et al., 2004).
The LCA process identifies “hotspots,” or inefficiencies, during a product’s life cycle (Hortal Ramos, 
2006) and has three levels of amplitude (see Figure 9.1). The first is the cradle-to-grave level, which 
includes all stages of the life cycle (product design, raw material procurement, manufacturing, dis-
tribution, use, and disposal), the next level is cradle-to-gate, which includes the initial stage to the 
finished product at the factory, and, lastly, the gate-to-gate level only considers the manufacturing 
process (Jacquemin et al., 2012). The LCA may also be applicable to all types of businesses in areas 
beyond environmental factors, such as cost reduction, loss prevention products, public policies, and 
corporate images in the market (Lopez, 2008).
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Figure 9.1 Amplitude levels for an LCA
Source: EU/JRC/IES (2010)
Originally, LCA addressed the environmental dimension of sustainability because its goal was to as-
sess environmental impacts without considering social or economic areas involved in the life cycle 
of a product (Finnveden et al., 2009). Therefore, there is a need for a more comprehensive tool that 
integrates the three aspects of sustainability (Zhou et al., 2007). It is expected that LCA would pro-
mote the optimal use of company resources and avoid unnecessary loss of capital used to enhance 
sustainable enterprises by quantifying improvements in the processes within the economic, social, 
and environmental dimensions as well as comparing the current state of the studied system and its 
possible future states (Klöpffer and Renner, 2008).
Currently, there are variations that complement the environmental impact assessment of traditional 
LCAs. One of these is the Social Life Cycle Assessment (SLCA), which analyzes the social aspects of 
workers and consumers during the life cycle of a product (Chang et al., 2015). Another approach is 
the concept of the life cycle sustainability assessment (LCSA) introduced by UNEP/SETAC Life Cy-
cle Initiative (2011), which is intended to integrate and expand different life cycle assessment tech-
niques: the traditional (Environmental) life cycle assessment (LCA); the life cycle costing (LCC), 
which is used to assess the cost implications of products’ life cycles; and the social life cycle assess-
ment (S-LCA), which examines the social consequences. Furthermore, recently, Keller et al. (2015: 
pg. 1073) proposed the concept of the integrated life cycle sustainability assessment (ILCSA) to 
provide “comprehensive ex-ante decision support from a sustainability point of view in the process 
of establishing new technologies, processes, or products”, which is more comprehensive than LCA 
and LCSA regarding the impacts that can be covered in practice and it can better treat uncertainties 
connected with the assessment of potential future systems.
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In practice, the international standards for LCA, ISO 14040:2006 “Principles and Framework” and 
ISO 14044:2006 “Requirements and Guidelines,” have been designed to highlight environmental 
problems and areas for improvement in the production and use of products (ISO 2006). These stan-
dards have been complemented by the Institute for Environment and Sustainability in the European 
Commission Joint Research Center through the International Reference Life Cycle Data System 
(ILCD) Handbook (EU/JRC/IES 2014) to homogenize the different methodological options and to 
obtain more accurate results in quality and consistency (Antón Vallejo, 2012).
This chapter aims to present a general overview of an LCA case study conducted in Mexico on 
automobile exhaust manufacturing as an experience of the Sustainability Graduate Program of the 
University of Sonora (UNISON). 
2. Methodology
The case study described in this document, as shown in Figure 9.2, was conducted using a meth-
odology adapted from the European Platform on Life Cycle Assessment (EPLCA) (EU/JRC/IES 
2010), which is also compatible with international LCA standards ISO 14040:2006 (Principles and 
framework) and ISO 14044:2006 (Requirements and guidelines). 
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Figure 9.2 Framework for life cycle assessment
Source: EU/JRC/IES (2010)
The reference framework consisted of the following four phases:
1. Defining the objective and scope. To define the object of study and its scope and to deter-
mine the limits of the system.
2. Analysis of the Life Cycle Inventory (LCI). In this phase, data from the inputs and outputs 
under study were collected.
3. Impact Assessment Life Cycle Assessment (LCIA). The information gathered from the ICV 
was used in this stage to determine the potential impacts on the environment and human 
health.
4. Interpretation. This was the final phase of the LCA in which the LCI results and the LCIA 
were discussed and interpreted, conclusions were drawn, and a series of recommendations 
to reduce environmental impacts were presented.
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The study had a cradle-to-gate scope, and it was conducted in an automotive exhaust manufactur-
ing company in the state of Sonora in northwestern Mexico. Data collection included historical 
data logs and records of the company as well as tools for gathering field information, such as scales, 
chronometers, and photo cameras. For data processing, the SimaPro® computer program was used 
to analyze the materials and processes involved in the processes and products. 
System boundaries
The system’s limits included upstream processes, such as raw material extraction and exhaust hot-
end manufacturing. Raw material transportation processes to the plant were excluded, as the com-
pany scope is international and thus it has suppliers and customers in several parts of the world, 
which hinders the monitoring of these processes in an accurate manner. Similarly, infrastructure 
and consumables were excluded from this study, as they were not part of the objectives. 
Functional unit
A ton of finished product was selected as a functional unit, which is the equivalent of approximately 
107 hot-end sub-assemblies. A ton was considered the appropriate amount that allowed for a com-
parison between the input and output of the system.
Methods used for the life cycle analysis impact evaluation
To evaluate the impact of the life cycle, the ReCiPe® method was selected. This combines CML2001® 
and Eco-Indicator 99® methods, and thus it is an up-to-date method with a high scientific robust-
ness (IHOBE 2009). The main objective of the ReCiPe® was to transform the long list of life cycle 
inventory results into a limited number of indicator scores that express the relative severity on an 
environmental impact category (ReCiPe 2016). These indicators were determined at two levels: 
eighteen midpoint indicators and three endpoint indicators. The midpoint indicators included the 
following: human toxicity, marine ecotoxicity, metal depletion, climate change, agricultural land oc-
cupation, fossil depletion, ionizing radiation, water depletion, terrestrial acidification, photochem-
ical oxidant formation, particulate matter formation, terrestrial ecotoxicity, freshwater ecotoxicity, 
urban land occupation, freshwater eutrophication, marine eutrophication, natural land transfor-
mation, and ozone depletion. The endpoint indicators were: damage to human health, damage to 
ecosystems, and damage to resource availability.
Inventory analysis
During this phase, all material flows, energy flows, and waste streams released into the environment 
over the entire life cycle of the system under study were identified and quantified (Zbiciñski et al., 
2006). The quantifications of both the inputs and outputs of the studied system were mostly ana-
lyzed in situ through a guided tour by the company’s staff, conducting interviews, and an analysis of 
production documentation, such as the bill of materials, usually shortened as BOM. Detailed infor-
151
mation on the inputs and outputs cannot be published here due to a non-disclosure agreement. The 
specific case of ceramic composition was based on the percentage values obtained by Lachman et 
al. (1981). It should be mentioned that ceramics contain precious metals that carry out hydrocarbon 
and monoxide molecule dissociation, hence producing water and carbon dioxide (Belcastro, 2012); 
however, the amount of precious metals was not disclosed due to confidentiality reasons. 
All processes, materials, and energy from the production stages were identified, and stainless steel 
was used in virtually all of them. Another resource used in most of the stages was electrical energy 
for stainless steel transformation, consuming 7,149 kWh per day. Finally, 775.6 L of Argon and 14.5 
L of Oxygen were used for welding one hot-end unit. Other materials and resources were scarcely 
used. Information on raw materials gathered from the system’s inputs and outputs was obtained 
from the Ecoinvent 3® database. 
3. Results
Product and production system description
The analyzed product was a sub-assembly called a hot-end that weighed 9.3 kg. It is the first of two 
parts used in an automotive exhaust. The final product is composed of 90.4% stainless steel, and 
it is constituted by three main components: a front-end sub-assembly, a cover cone sub-assembly 
(containing the catalytic converter), and an outlet sub-assembly, as depicted in Figure 9.3. At the 
end of the production process, the hot-end is wrapped in plastic and placed in a cardboard box that 
has the capacity to contain 16 sub-assemblies.  
Figure 9.3 Hot-end horizontal plane and its three main components: (1) front-end sub-assem-
bly, (2) convert cone sub-assembly; (3) outlet sub-assembly 
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The manufacturing process is comprised of nine main stages, as described in Figure 9.4. Three 
parallel processes are distinguished. The first process includes stages 1 to 4, and it consists of the 
front-end assembly. It begins with washing the stainless-steel parts in stage 1 to remove pollutants 
that may hinder its subsequent assembly. During stage 2, 23 welding machines join the parts using 
pure argon and copper rings. New stainless-steel parts are added in stage 3, which includes manual 
welding, and in stage 4, in which two welding machines are used. In both stages, an argon/oxygen 
mixture is used with a 95/5 ratio, respectively. 
The second parallel process consists of the outlet sub-assembly, and it includes stages 5 and 6. In 
stage 5, new pieces of long tubes of stainless steel are incorporated, and then two bending and cut-
ting machines, along with two other machines for the final finish, produce the parts that will be sent 
and assembled into a flexible tube by four welding machines in stage 6. The final parallel process 
is stage 7 in which the catalytic converter is added. The latter is a cylindrical-shaped part called a 
ceramic, which is covered in fiberglass and is protected by a stainless-steel tube that constitutes the 
convert cone sub-assembly.
Figure 9.4 Matter and energy input in each of the stages of the hot-end production system
At the end of the three parallel processes, the components reach stage 8 in which they are joined 
by four welding machines using an argon/oxygen mixture with a 95/5 ratio, respectively. The final 
product of this stage is the hot-end that is sent to stage 9 for packaging in cardboard boxes.
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Characterization and interpretation
The results obtained using the SimaPro® and the ReCiPe® method for the hot-end production pro-
cess are shown in Table 9.1. All eighteen categories are represented in impact units as well as their 
total amounts.
The high levels of human toxicity and ecotoxicity are generated by the impact of stainless steel and 
copper production due to the mining extraction activities and metallurgy process. During the hot-
end manufacturing process, copper and stainless steel production have a contribution to human 
toxicity of 64.9% and 18.8%, respectively. The contribution is similar for marine ecotoxicity: 64.9% 
is due to copper production, and 26.1% is due to stainless steel. It is worth noting that despite the 
fact that 19.26 kg of copper and 890.2 kg of stainless steel are used per ton of final product, copper 
has a higher impact on toxicity due to its production method; however, due to the amount of stain-
less steel used, this material also has high values in at least six categories: human toxicity, marine 
ecotoxicity, metal depletion, climate change, agricultural land occupation, and fossil depletion. In 
comparison, copper has elevated values in the first three of the six categories.
Table 9.1 ReCiPe® midpoint categories resulting from SimpaPro®
Midpoint category Unit Total
Human toxicity kg 1.4-DB eq 13,336.48
Marine ecotoxicity kg 1.4-DB eq 8,929.11
Metal depletion kg Fe eq 5,348.56
Climate change kg CO2 eq 2,584.61
Agricultural land occupation m2a 856.78
Fossil depletion kg oil eq 827.57
Ionizing radiation kBq U235 eq 478.84
Water depletion m3 118.59
Terrestrial acidification kg SO2 eq 19.598
Photochemical oxidant formation kg NMVOC 10.72
Particulate matter formation kg PM10 eq 10.41
Terrestrial ecotoxicity kg 1.4-DB eq 9.41
Freshwater ecotoxicity kg 1.4-DB eq 2.3
Urban land occupation m2a 0.061
Freshwater eutrophication kg P eq 0.65
Marine eutrophication kg N eq 0.39
Natural land transformation m2 0.046
Ozone depletion kg CFC-11 eq 0.00012
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During characterization, the stage with the most significant contribution was stage 2 (brazing) in 
which 406.6 kg of stainless steel is used per ton of manufactured final product. Furthermore, it is the 
only stage in which copper and pure argon are used during the welding process. The contributions 
of each of the stages to the impact categories are shown in Attachment 1. 
Among the impact categories, metal depletion and climate change also have a significant value. The 
metal depletion category is greatly affected by the use of stainless steel and copper, contributing 
59.5% and 40.5%, respectively. Conversely, argon production has the highest impact on climate 
change, particularly in stage 2 in which 753.5 kg of argon is required per ton of hot-end, whereas 
only 31 to 123 kg is used in the other stages. 
In addition to the high impacts of stainless steel and copper on human toxicity and marine eco-
toxicity categories, both argon and oxygen have considerable impacts on other categories. A cutoff 
equal to or higher than 5% of impact was performed (see Attachment 2), and it was observed that 
argon has an impact on sixteen categories. Among the most important are: climate change (1.45E3 
kg CO2 eq), fossil depletion (538 kg oil eq), and ionizing radiation (373 kBq U235 eq). Oxygen has 
an impact on climate change (271 kg CO2 eq), water depletion (91.4 m
3), and fossil depletion (63.8 
kg oil eq). Other materials, such as cardboard, wood, and distilled water, have low impacts on spe-
cific categories. For instance, cardboard and wood affect agricultural land occupation at 204 m2a 
and 64.3 m2a, respectively, whereas distilled water only contributes 6.1 m3 to the water depletion 
category.
Sensibility analysis
To perform the sensibility analysis, all stages in which a virgin raw material form of stainless steel 
was used were considered, and it was substituted with recycled steel as an alternative to reduce 
impacts. Thus, two models were obtained: a hot-end with virgin raw materials and a hot-end 2 
with recycled materials. The results from the characterization are shown in Table 9.2. In most of 
the ReCiPe® method categories, except natural land transformation, the hot-end 2 had a decreased 
impact, implying that a positive effect resulted from the implementation of recycled materials, as 
seen in Figure 9.5.
The categories that exhibited considerable reductions were metal depletion with a reduction of 
6.02E+03 kg Fe eq, human toxicity with 4.75E+03 kg 1.4-DB eq, marine toxicity with 4.41E+03 1.4-
DB eq, climate change with 1.03E+03 kg CO2 eq, agriculture land occupation with 1.03E+03 m
2a, 
and fossil resources depletion with 3.46E+02 kg of oil eq. The decreases in these categories imply 
a reduction of mining extraction, as the consumption of metals, energy, and chemical substances 
for extraction and transformation purposes would be reduced, thus also decreasing the areas of 
exploitation.
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Figure 9.5 ReCiPe® category impacts regarding both sub-assembly hot-end and hot-end 2
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Table 9.2 Characterization of the ReCiPe® impact categories
Impact Category Unit Sub-assembly         Hot-end
Sub-assembly
Hot-end 2
Climate change kg CO2 eq 2,584.61 1,210.89
Ozone depletion kg CFC-11 eq 0.00012 0.000033
Terrestrial acidification kg SO2 eq 19.59 11.95
Freshwater eutrophication kg P eq 0.65 0.59
Marine eutrophication kg N eq 0.39 0.17
Human toxicity kg 1.4-DB eq 13,336.48 8,582.28
Photochemical oxidant formation kg NMVOC 10.72 3.28
Particulate matter formation kg PM10 eq 10.39 0.87
Terrestrial ecotoxicity kg 1.4-DB eq 9.33 2.80
Freshwater ecotoxicity kg 1.4-DB eq 2.02 0.21
Marine ecotoxicity kg 1.4-DB eq 8,929.11 4,516.90
Ionizing radiation kBq U235 eq 139.47 124.35
Agricultural land occupation m2a 856.78 -175.09
Urban land occupation m2a 25.17 4.85
Natural land transformation m2 0.04 0.075
Water depletion m3 118.59 78.55
Metal depletion kg Fe eq 5,348.56 -670.03
Fossil depletion kg oil eq 827.57 481.39
4. Conclusions
An LCA application in the automotive industry is a highly useful tool for identifying both environ-
mental issues as well as alternatives for material substitutions. The results of this study show that 
manufacturing an automotive sub-assembly can lead to serious problems for ecosystems, resources, 
and human health, mainly due to the increase in toxic agents and raw material extraction. This 
is important because the activities within the plant have low impacts in comparison with the ex-
traction of raw materials for production. The latter can be explained based on the analyzed industry, 
as product manufacturing consists on a continuous part assembly of previously purchased parts 
that are joined through energy and other resources, which in turn have a low impact during their 
utilization in comparison with the energy required and the impacts generated by the extraction and 
manufacturing of resources.
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Thus, the results show that the overall impact of the company is low during hot-end sub-assembly 
production and that the impact of each manufacturing stage is related to the amount of raw mate-
rials used. The resources that cause the highest impacts are of a mining nature: stainless steel and 
copper; however, the results obtained using the SimaPro® showed that recycled stainless steel may 
significantly reduce the major environmental impacts previously identified. It is important to note 
that hot-end sub-assembly is only one of several end products manufactured by this company, and 
therefore stainless steel is increasingly in demand. An assessment regarding the total amount of 
steel used for automotive exhaust manufacturing may be useful, as a single automotive exhaust for 
a medium-sized sedan automobile weighs about 31.4 kg (Ohno et al., 2015) and its composition is 
constituted by more than 90% of stainless steel. 
Finally, the outcomes are relevant considering the automotive industry is one of the largest metal 
consumers (Ohno et al., 2015). Thus, an understanding of the productive systems of this sector and 
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Attachment 1. Impact from each production stage



























































































































































































































































































































































































































Attachment 2. Impacts from main materials (≥5%)
Impact category Unit chrome copper argon oxygen
Human toxicity kg 1,4-DB eq 2.51E3 8.66E3 1.44E3
Marine ecotoxicity kg 1,4-DB eq 2.3E3 5.68E3 698
Metal depletion kg Fe eq 3.1E3 2.17E3
Climate change kg CO2 eq 726 1.45E3 271
Agricultural land occupation m2a 545
Fossil depletion kg oil eq 183 538 63.8
Ionizing radiation kBq U235 eq 373 59.4
Water depletion m3 21.1 12.6 91.4
Terrestrial acidification kg SO2 eq 4.04 4.05 8.93 1.99
Photochemical oxidant for-
mation kg NMVOC 3.93 0.63 4.99 0.86
Particulate matter formation kg PM10 eq 5.03 0.95 3.44 0.81
Terrestrial ecotoxicity kg 1,4-DB eq 3.45 5 0.79
Freshwater ecotoxicity kg 1,4-DB eq 0.96 0.47 0.36
Freshwater eutrophication kg P eq 0.51 0.088
Marine eutrophication kg N eq 0.11 0.054 0.16 0.030
Urban land occupation m2a 0.026 0.0088 0.019 0.004
Natural land transformation m2 0.015 0.011 0.03 0.01
Ozone depletion kg CFC-11 eq 4.8E-5 6.2E-5 7.8E-6
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10. INDUSTRIAL SYMBIOSIS: A PRACTICAL MODEL FOR PHYSICAL, ORGANIZA-
TIONAL AND SOCIAL INTERACTIONS
Romain Sacchi, Arne Remmen
1. Introduction
An early analysis of industrial symbiosis (IS) in the scientific literature presented the analogy be-
tween human-made manufacturing systems that cooperate on the exchange of resources to a mutu-
ally beneficial end and cyclic organization patterns found in biological systems (Hardy and Graedel, 
2002; Chertow and Ehrenfeld, 2012; Harris 2007). IS is defined as a series of bilateral collaborations 
between industries as a response to environmental and regulatory changes in an effort to avoid 
waste disposal costs (Desrochers, 2001). These collaborations mostly involve the reuse of water, 
waste, and the sharing of infrastructures. Economic and environmental benefits are documented 
in numerous cases, some of which were enumerated by Chertow (2007). IS is a central topic for the 
Industrial Ecology (IE) community and is recognized in national and European programs as the 
best available practice for managing waste (Laybourn and Lombardi, 2012). A prominent case of IS 
is found in Kalundborg, Denmark, as described in the 1990s in the Journal of Industrial Ecology 
and the Journal of Cleaner Production (Yu et al., 2014), although the first synergies appeared in the 
1960s (Jacobsen, 2006). Other cases have been documented with varying degrees of achievements 
and in different political and geographical contexts. Classifications of IS configurations range from 
self-organizing networks to centrally-planned eco-industrial parks (EIP).
The environmental benefits of IS were first described by applying tools such as the Mass Flow Anal-
ysis (Sendra et al., 2007) and Life Cycle Assessment (Qiang et al., 2011; Kullapa and Amy, 2011; 
Laura et al., 2011; Tuomas et al., 2010; Hashimoto et al., 2010). Later, the focus shifted to the roots 
of IS related to economic and physical driving forces: scarcity of materials, physical proximity, envi-
ronmental regulation, etc. (Yu et al., 2014). To promote and institutionalize IS, some authors recom-
mended considering social and organizational driving forces. Indeed, despite favorable economic 
and physical conditions, the same authors concluded that a lack of social cohesion and inadequate 
organization often prevent IS initiatives from reaching a mature and self-sustainable stage (Hew-
es and Lyons, 2008; Paquin and Howard-Grenville, 2012; Lombardi and Laybourn, 2012; Jacobsen, 
2006). A similar observation was made by Chertow and Ehrenfeld (2012) when they compared the 
development of self-organizing and planned industrial parks. The involvement and willingness of 
industries often lack in planned initiatives, which is detrimental to the project. The theory of net-
works and the importance of embeddedness were recognized by Baas and Huisingh (2008), and 
aspects such as cognitive, cultural, spatial, and political shared values have been explored in recent 
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works (Paquin and Howard-Grenville, 2012; Lombardi and Laybourn, 2012). A broader definition 
of IS is becoming more common due to knowledge of the interactions beyond the resource flows 
and a focus on a more practical approach, such as was provided by Lombardi and Laybourn (2012). 
In parallel, Chertow observed a three-step development pattern among known examples of IS: 
sprouting, uncovering, and institutionalizing (Chertow, 2007). According to her work, several cases 
of IS exist in which isolated symbiotic synergies “sprout” without any interrelated patterns. The 
cases have been investigated to increase public awareness as well as to create a network conscious-
ness and encourage further developments. Schwarz and Steininger (1997) reported that in the case 
of Kalundborg, ten synergies unfolded in the 1961-1989 period, while six additional synergies ap-
peared the next five years after the system had been “uncovered” in 1990. At a later stage, supporting 
institutions fostered the development of the network and provided companies with a common com-
munication and expertise platform in the institutionalizing stage. IS networks found in Kalund-
borg, Kwinana, Styria, and Guayama have followed this development pattern and are now examples 
of complex and institutionalized IS. Region-wide systems found in the United Kingdom also have a 
coordinating organization: National Industrial Symbiosis Program (NISP).
In light of these conceptual understandings, the development of an IS system must include social 
and organizational interactions. In addition, IS practitioners need down-to-earth models that can 
be applied to further develop a sprouting IS case or to further uncover and institutionalize IS. In 
this regard, the model developed aims to capture and present the relationships of physical, organi-
zational, and social characteristics identified in successful cases of IS. The model also indicates ways 
to assess their presence and enhance the identified mechanisms. According to the work of Marian 
Chertow, identifying missing mechanisms and enhancing existing ones should help IS practitioners 
bring industrial areas from a “sprouting” to an “uncovering” stage. After presenting the model, the 
next steps that IS practitioners can take are discussed, especially for strengthening the social mech-
anisms.
2. Method
A model based on observations lists IS facilitating mechanisms within the physical, social, and 
organizational realms of the reference cases: Kalundborg in Denmark, Kwinana (Australia), Styria 
(Austria), Guayama (Puerto Rico), Rotterdam (the Netherlands), and Nikopol (former Soviet 
Union, now Ukraine).
Kalundborg is the primary case, as it remains the most developed representation of IS. The reason 
for including a mechanism in the model was determined through empirical evidence. Literature 
and interviews in Kalundborg confirmed the relevance of a given mechanism in the model.
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Interviews were conducted with initiators of the IS system in Kalundborg: Jørgen Christensen, 
former Vice-President of Novo Nordisk, and Valdemar Christensen, former Production Manager 
at the Asnæs power station, now DONG Energy, and later Chairman of Kalundborg’s technical 
committee. These interviews were conducted in 2010. Interviews with persons currently involved 
were conducted in 2016, such as Peder Andreas Mathiesen, manager of Environmental Operations 
at Novozymes; Sven-Ole Toft, Business Developer at the oil refinery plant Statoil; Lisbeth Rand-
ers, Project and Development Manager in Kalundborg; Hans-Martin Møller, director of the utility 
company Kalundborg Forsyning; Jane Hansen, former coordinator at the Institute for Industrial 
Symbiosis until 2012 (now the Danish Industrial Symbiosis Center), and Mette Skovbjerg (current 
Director of the Danish Symbiosis Center). 
The presence or absence of facilitating mechanisms was identified in the secondary IS cases through 
supporting literature. Secondary cases were chosen for their similarities to the Kalundborg case, 
though they differed in other aspects. Guayama is also located by the sea with an equivalent area 
size. Its industrialization began in the 1960s, and synergies arose due to sharing steam, hot water 
and wastewater, which were mostly based on decisions made by the local companies (Chertow et al., 
2008). The case of Kwinana has a comparable level of diversity of synergies, as reported by Beers et 
al. (2007a) and Harris (2007), with a different organizational setting: a centralized planning policy. 
The IS case of Styria has common “waste receptors” (power plants, wastewater treatment plants, 
and residues feeding cement plants) and similar waste-related regulations (e.g., high waste disposa 
l costs), and its industrial network was detailed by Schwarz and Steininger (1997). The IS in Rotter-
dam Europoort is centered on the harbor and was initiated with the Kalundborg case in mind. The 
evolution of the organization is documented in Baas (1998, 2008) and Fresner and Sage (2010). As 
in Kalundborg and Styria, it operates a central district heating system, although the use of district 
heating is common and not the result of developed IS systems. Finally, for the IS case in Nikopol in 
the former Soviet Union, which was documented by Sathre and Grdzelishvili (2006), the complete 
state ownership allows for comparing and contrasting it with the other cases.
A physical mechanism is included in the model when its realization improves the feasibility of IS at 
an engineering level. Mechanisms at the inter- and intra-firm organizational levels are considered 
relevant when they facilitate operations and business relations among stakeholders. Finally, social 




Table 10.1 List of the physical mechanisms leading to IS development
Cause Mechanism Effect(s) Indicator(s)
Municipality support Flexible urban local plan Installation of  infrastructures
Visibility of industrial 
activities
Scarcity of resources 
(fresh water, mineral 
material, fossil fuels)
Accessibility 
to resources Sourcing alternatives
Environmental 
configuration of the area
Ban against landfill of 
organic waste Regulations Full reuse of organic waste
Current environmental 
regulations
Flexible regulation in 
regards to waste handling Freedom of action
Extent of the liability of 
the waste emitter




Mean distance between 
the farthest located 
companies
Advanced technologies Technical changes Increased diversityof synergies Total factor productivity
Diversity of industries Complementarity High number and varietyof synergies
Presence of compatible 
waste receptors
Source: Author’s own elaboration
3.1. Physical Sphere
3.1.1. Accessibility to Resources, Regulations, and Flexible Urban Plans
Limited access to resources and environmental pressure are often departure points for IS, such as 
in 1961 in Kalundborg, where the use of scarce groundwater was replaced by surface water for in-
dustrial use. Furthermore, the local oil refinery plant was not allowed to release its cleaning water 
back to where it was initially pumped. The solution was to reuse it along with wastewater from the 
power plant as cooling water and to avoid the use of seawater that could cause corrosion. Twenty 
years later, the power plant sent co-produced steam to the heating system in the municipality to 
sustain the anaerobic reactors of the enzymes producer, covering 50% of the needed energy input in 
total. A substantial part of the remaining cooling water was used in a fish farm at that time, which 
led to a 15% fish production increase (Jacobsen, 2006). Novozymes also co-produce phosphor-rich 
biomass used as fertilizer in nutrient-poor areas in South-eastern Denmark (Mathiesen, 2010). The 
lack of groundwater and the vulnerability of the local aquatic ecosystems led to this cascading reuse 
of freshwater (Christensen, 2010a). 
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In parallel, high treatment costs and quality requirements for industrial water effluents recently led 
the utility company to conduct a demonstration project to use wastewater as a medium to grow mi-
cro-algae. The algae is fed by the nitrates and phosphorous-containing sludge stream from the bio-
mechanical oxidation of the wastewater, thereby offering a viable treatment option for this second-
ary effluent while co-producing valuable proteins and possible biogas, according to Møller (2016). 
In Guayama, halogenated solvents were found in wells co-located nearby a pharmaceutical firm, 
and this led local managers to find a solution together, which increased the level of cooperation 
between them (Chertow et al., 2008).
Companies do not always include pressure and threats in their business strategies. Fiscal instru-
ments palliate the problem. In Rotterdam, environmental taxes have minimized the use of rare 
materials and fostered synergies to reduce the consumption. Regulations that restrict air and water 
emissions also provide incentives for synergies. As documented in Chertow and Lombardi (2005), 
the power plant in Guayama is able to use wastewater from the co-located waste-water treatment 
plant, which leads to a significant reduction of SO2, NOx, and PM10 emissions, granting it a license 
to operate. In addition, high landfill fees on solid waste fostered IS synergies (Christensen, 2010b). 
The complete ban on the landfill of organic waste was a strong incentive for Novozymes to find 
disposal alternatives for its by-products, which are currently reused as animal fodder and synthet-
ic fertilizer substitutes (Mathiesen, 2010). Public regulations can reflect concerns stemming from 
material scarcity and environmental concerns, and then flexibility regarding the specific solution 
should be left to the companies, as witnessed in Kalundborg according to Christensen (2010b). In 
Rotterdam, IS actors were allowed to be “creative” to find alternative disposal means as long as 
their goals were in line with the overall regulations of the region (Baas, 2008). Chertow (2004) also 
reported that in the U.S., the law’s regulation of waste leaves little opportunity for by product reuse 
as feedstock and raises problems of legal liability for the companies involved. Similarly, a strong reg-
ulation of inorganic waste materials limits the potential for producing alternative fuels in Kwinana 
(Beers et al., 2009), which leads to unused stockpiles of valuable mineral residues.
Resource scarcity, regulative instruments, and a relative legislative freedom are not always enough. 
The municipality must also support the idea and the necessary infrastructure. Out of more than fifty 
on-going synergies in Kalundborg today, at least one-third represents exchanges of water, steam, 
and heat through pipes. These pipes require resources when implemented and maintained as well as 
spatial planning because they can cross roads, open fields, and public spaces. A flexible urban local 
plan is a prerequisite. In Kalundborg, the municipality considers IS an opportunity; however, the 
involvement of the municipality was limited in the beginning, as Jørgen (Christensen, 2010a) stated 
that the IS was made by industries and that the municipality was not involved. Randers (Randers, 
2016) stated that in the 1960s, various efforts were made without an understanding of IS, but the 
municipality was rather accommodating through the delivery of permits for the construction of 
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infrastructures and the involvement of the municipality-owned utility company to distribute steam 
and water. Today, the Business Council of the municipality and the Danish Symbiosis Center (DSC) 
are far more supportive of IS and play more active roles. The municipality views IS as a means to 
increase productivity in companies and reduce their production costs via sharing resources, such as 
heat, water, and knowledge. In addition, this helps to preserve employment in the area and attract 
new companies (Randers, 2016).
3.1.2. Proximity
Physical proximity is an important part of IS, and all major cases of IS exhibit dense industrial areas; 
however, this does not hinder the realization of region-wide synergies. The short distance between 
companies in Kalundborg allowed for building infrastructures and identifying new synergies. The 
density of an industrial area can be determined by calculating the mean distance between the most 
remotely located companies. In Kalundborg, a mean distance of 2.6 km separates the most distantly 
located companies. The entropy and the distance of infrastructures influence the economic feasi-
bility of residual energy exchanges (Christensen, 2010a). The distances between synergies are based 
on the cost of infrastructures and the return on investment. Kalundborg has a return on investment 
after three to four years (Christensen, 2010a), which is inferior to five years in all other cases accord-
ing to Toft (2016). 
3.1.3. Technical Progress and Complementarity
Continuous technical change over time leads to more diverse synergies. New technologies allow for 
using a higher fraction of solid and energy residual streams for a wider range of applications (Chris-
tensen, 2010b). In Rotterdam, some synergies rely on new technologies, such as the heat distribu-
tion system (Baas, 2008). In Kalundborg, high temperatures (around 90 °C) were initially required 
to operate heat exchanges from steam and cooling water. Technical progress allowed for the use of 
lower temperatures for a more diverse range of applications, e.g., to create mesophilic conditions for 
enzyme growth. Another example, which is the vertical reactors for the cultivation of micro-algae 
from the industrial water effluents of Kalundborg, allows for the process to become financially-fea-
sible and space-efficient. In Kwinana, technical progress caused some synergies to stop because the 
amount of waste was reduced to an extent that does not justify its exchange or because the adoption 
of new production processes prevents the reuse of the by-product.
The variety and number of synergies in Kwinana (forty-seven) are due to a diverse blend of key 
processing industries. The diversity in synergies is usually correlated to the diversity of industrial 
sectors. Chertow et al. (2008) considered complementarity and variety key aspects in identifying 
input-output matches. Unlike Kwinana, the Rotterdam case illustrates a sectorial barrier with the 
formation of several clusters in the area with a low sectorial diversity and a high degree of competi-
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tion. Low industrial diversity may also impede intimacy and trust and may lead to issues of business 
confidentiality between potential actors.
The presence of complementarity can be difficult to assess. A first step is to identify the “tradition-
al waste receptors” (Schwarz and Steininger, 1997) that are present in all IS cases analyzed. Power 
plants and cement producers play major roles in Kalundborg, Kwinana, and Guayama, and steel-
works play an important role in Nikopol. They usually complement each other’s needs for energy 
and material inputs, leading to long-term exchanges of by-products. The presence of technological 
progress can be approximated by comparing the level of technological investments to the industry 
branch average. Another approach is to assess the evolution of the total-factor productivity (TFP) 
over time that accounts for the growth in production and that is not induced by an increase in cap-
ital or labor inputs. As suggested by Ayres and Warr, (2005), the conversion of raw energy inputs 
can be measured into useful physical work, such as exergy, while labor and capital inputs remain 
unchanged; however, this implies access to production data.
The organizational aspects define the extent to which IS utilizes new ideas and potential and adapts 
to changing frame conditions.  
3.2. Organizational Sphere 
Table 10.2 List of organization-related mechanisms leading to IS development
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Source: Author’s own elaboration
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3.2.1. Economic Profitability and Governance
Companies in Kalundborg were found to be more sensitive to economic benefits and returns on 
investments than to environmental protection initiatives (Mathiesen, 2010). The economic profit-
ability of a synergy can be ensured by landfill fees for waste or the scarcity of a particular material, 
which means the use of a more abundant by-product will result in cost savings.
Rotterdam encountered a time-related barrier when developing the exchange of heat between the 
power stations and the manufacturing units. Although the project was deemed economically viable, 
the payback period was beyond the traditional business time scope, especially due to the privatiza-
tion of the power stations (Baas, 2008). As in Kalundborg, a synergy must be economically prof-
itable in the short-term (Christensen, 2010a). Jacobsen (2006) also mentioned indirect economic 
benefits, such as flexible and safer sourcing of materials. This is usually considered part of the strate-
gic vision of the company, which contrasts with the short-term profitability as specified in three-to-
five-year contracts. This did not hinder investments in heat and steam exchanges of approximately 
60 million USD in 1994 in Kalundborg, and the expected return on investment was 120 million 
USD (Schwarz and Steininger, 1997). The investments are secured by contracts that specify transac-
tion prices, quality requirements, etc. Schwarz and Steininger (1997) reported the existence of joint-
ly-owned ventures between two companies for waste exchange operations to preserve both parties’ 
interests. Chertow and Lombardi (2005) also reported economic profitability in the case of Guayama 
as a strong driver: the trade of steam between the coal power plant and the oil refinery plant gener-
ates an annual economic value greater than 8 million USD. In Nikopol, synergies were developed 
regardless of the market value of the waste. The economic sustainability of a given operation was 
not considered, and in some cases, significant resources were invested in reusing a by-product for 
which the demand was weak or the availability of a substitute was important. This led to situations 
in which the avoided environmental impacts following the reuse of a by-product did not justify the 
resources invested (Sathre and Grdzelishvili, 2006).
The economic profitability for the company is, in the case of a self-organizing network, also based 
on a limited intervention of public authorities. In Kalundborg, IS has mostly been driven by mar-
ket forces and initiatives from companies, where public influence had “little to say” (Christensen, 
2010a). The synergies develop according to market signals (material scarcity, oil price peaks, etc.), 
and the companies adapt accordingly. Yet, the absence of public interests is not desirable, either, be-
cause markets fail to encompass environmental externalities in the pricing information. Therefore, 
public intervention through environmental taxes, regulations, and organizational support can be 
a driver. In Kalundborg, public interventions have changed from being top-down and rule-based 
toward a more negotiated and “suggestion-based” method with a higher degree of flexibility over 
time. This is promoted by the DSC (Skovbjerg, 2016), where the idea of a potential partnership is 
suggested rather than forced and where the ownership of the idea is gradually appropriated by the 
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companies. In other words, there is a shift from interventions to facilitation and governance be-
tween the stakeholders. This also includes a common communication platform (see next section). 
In contrast, the IS case of Kwinana highly benefited from strong public organizational involvement 
as well as the research initiatives of Curtin University.
Clubs and interest organizations may also play roles in IS. In Kalundborg, the Environmental Club 
was established in 1989 as a network under the Business Council to ease communication between 
actors in the industrial area. The municipality, the Danish Society for Nature Conservation (Danish 
NGO), and companies were part of that club (Christensen, 2010b). The involvement of the “civil 
society” in general (defined in its broad sense by Zadek, 2001), as organized groups of consumers, 
residents, investors, NGOs, etc., could also play roles in the development of IS, but unfortunately, 
the impact on the outcomes has generally been ignored by the literature (Yap and Devlin, 2016).
3.2.2. Bottom-Up Participatory Management and Common Communication Platforms
At a company level, a participatory strategy allows engineers and technicians to express ideas as a 
way to identify new synergies because they have the technical background needed for the analysis 
(Kørnøv et al., 2005). Involving employees encourages suggestions for synergies supported by en-
gineering analyses, where companies retain ownership of the idea. This type of management is ob-
served within companies in Kalundborg. Novozymes, as other Danish companies, maintains close 
employee-manager relationships referred to as a “flat organizational structure” (Mathiesen, 2010).
At the project level, Rotterdam reported some difficulties for the coordinating actor Deltalinqs to 
integrate external actors to benefit from other perspectives (Baas, 2008). The member companies 
did not perceive the advantage of this approach. The companies and other involved actors maintain 
the “ownership of the synergy idea” (Christensen, 2010a), and again, bottom-up management is 
preferred to central planning, where synergy ideas come from companies themselves acting in their 
own interests. The same issue was reported by Sathre and Grdzelishvili (2006) in the Ukraine, where 
distant decision-makers did not have full knowledge of the local conditions (e.g., type of waste 
available), and the decision of reusing a by-product was not conditioned by its market value but by 
planning policies higher up in the hierarchy.
Governance also involves a coordinating body that may create a common communication platform. 
In Kalundborg, the Danish Symbiosis Center and part of the Municipal Business Council act as an 
overall coordinating body and communicate knowledge of IS outside the area. The role of ensuring 
internal communication between the IS members is held by the Industrial Symbiosis Association, 
of which the DSC is a member alongside the active companies of the IS network. Since “communi-
cation is more important than technology” (Christensen, 2010a), the DSC coordinates joint efforts, 
maps the waste flows, and suggests possible matches between members to the Industrial Symbiosis 
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Association for assessment (Skovbjerg, 2016). The Industrial Symbiosis Association partly funds the 
DSC, which acts as a contact point, organizes visits, and disseminates knowledge about IS.
The case of Kwinana underlines the role of a coordinating body as a means to foster interactions 
between member companies. In Rotterdam, the ROM-Rijnmond (Spatial Planning and Environ-
mental Organization) project committee plays this role. Although the roles of Kwinana and Rot-
terdam’s coordinating bodies seem stronger than in Kalundborg, the aim to enhance communi-
cation between the companies through a communication platform appears common. These two 
mechanisms are mostly identified and evaluated through field visits and interviews with managers 
and employees. The use of management systems, such as ISO 9001 and ISO 14001, can be seen as 
an indicator for systematic management with a focus on continuous improvements of quality and 
environmental performance.
3.2.3. Availability of Infrastructures
Different types of infrastructures ensure a circulation of flows between companies. Roads, utility 
pipelines, heat exchangers, and cooling systems are examples. These infrastructures must be avail-
able and must work properly to achieve IS synergies (Côté and Cohen-Rosenthal, 1998). The prox-
imity of infrastructure suppliers is relevant, but engineers with the necessary knowledge to create, 
operate, and maintain these infrastructures has proven to facilitate the establishment of “linkages” 
between companies. Kwinana presents numerous specific facilities that foster the diversity and fea-
sibility of synergies: two wastewater treatment plants and two cogeneration plants. In Rotterdam, 




Table 10.3 List of the social mechanisms leading to IS development
Cause Mechanism Effect(s) Indicator(s)
Transparency Transfer of information
Overview of possible synergies Existence of flow maps
Trust between managers Knowledge of each other’s activities and inputs/outputs
Mental proximity Social interactionsand trust CEOs know each other Extra-professional interactions
Networking
Willingness







Source: Author’s own elaboration
The social dimension of the overall model encompasses social and human actions that enhance the 
development of mechanisms such as trust and willingness to support IS synergies. This is highlight-
ed in the table above.
3.3.1. Transfer of Information and Social Interactions
Social interactions are key mechanisms when developing common interests, trust, and commitment 
between the members of a network. Christensen (2010a) explained that companies are not forced to 
cooperate with each other. Economical profitability may motivate cooperation, but it does not pre-
vent risks that relate to confidentiality issues (Beers et al., 2007a). A bilateral agreement on resource 
exchange implies information on the production processes involved, the waste quantity and quality, 
etc. These data represent sensitive information that might put companies at risk if disclosed to com-
petitors; however, social interactions can lead to trust, communication, and mental proximity. This 
is also the case when considering the specific waste being exchanged: “communication and trust 
are thought to be important (…) when the materials being exchanged have potential liabilities be-
cause they are subject to environmental regulations” (Chertow, 2004). Also, physical proximity be-
tween companies in Kalundborg has led to social interactions and “mental proximity” (Christensen, 
2010a). In Kalundborg, the management functions of a growing number of companies tend to be 
located away from the production sites, and the managers meet less frequently. This is considered a 
potential obstacle to intimacy, trust, and the exchange of ideas (Skovbjerg, 2016; Toft, 2016).
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Trust and mental proximity ease information exchanges between actors of IS. The importance of 
mapping material and energy flows within an area to assess potential synergies has been emphasized 
(Chertow, 2007). Beginning in 1995, manufacturing companies in Denmark must report resource 
inputs and outputs to the authorities, and these reports are helpful; however, a full Material Flow 
Analysis (MFA) of the industrial area would provide a more comprehensive picture of matchmak-
ing possibilities. In any case, companies must agree to disclose input and output data. In Kalund-
borg, Kwinana, and Rotterdam, the coordinating body has the responsibility of this task. Ultimately, 
the presence of trust and mental proximity is needed to obtain a complete overview of the system.
3.3.2. Willingness and Intimacy
When implementing IS, willingness to cooperate through synergies is a prerequisite, which can 
create awareness of IS benefits, shared technical knowledge, economic perspectives, trust, and com-
munication with one another. Decision makers must be willing to participate in such collaborations 
(Christensen, 2010a). 
Knowledge sharing and common understanding contribute to building trust between actors. Close 
and social relationships are favorable when sharing vital information about activities and per-
formances of the single companies, and this can appear in a town with a limited industrial area. 
Kalundborg is nevertheless the second-most industrially dense area after the Copenhagen region. 
A sufficient number of industries are present, but potential competitors are absent. The level of 
competition within Kalundborg is low, and it has diverse and complementary industrial branch-
es. This is beneficial for intimacy, which plays an important role in the beginning of IS synergies 
(Christensen, 2010a). When initiating the first synergies, most of the managers involved in IS shared 
common social activities (Mathiesen, 2010). In contrast, a low degree of competition may also lead 
to difficult sourcing of a by-product from a single source: a situation of dependency and a price 
dictated by the waste emitter can put an end to cooperation (Toft, 2016).
The IS case of Kwinana demonstrates the importance of intimacy. The limited competition between 
companies and the distance from other major industrial centers in Eastern Australia explain the 
mental proximity. Paquin and Tilleman (2014) suggested that companies are more likely to cooper-
ate with other partners within the industrial sector. IS practitioners can assess the willingness and 
intimacy between companies by evaluating their knowledge with one another’s activities and the 
level of personal acquaintance.
4. Results
The model depicted in Figure 10.1 is based on the analysis presented in the previous section. At the 
boundary of each sphere, mechanisms that are favorable to the establishment of IS are listed. The 
different groups of stakeholders and the dominant interactions between them are illustrated. En-
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vironment is understood as natural capital. Investors are the interest group behind investments in 
IS synergies, often the companies themselves. Coordinating body is the institution, either public or 
funded by the network, that coordinates tasks and communications. The external third party could 
be the IS practitioner who wishes to further the development of the network. This role is sometimes 
assumed by the coordinating body, as in Kalundborg. The Municipality is understood as the techni-
cal-environment committee and/or the urban committee of the city as well as the public authorities.
An equal importance of the different mechanisms is indicated in the model; however, this shows 
that successful examples of IS are characterized by social cohesion, favorable organizational set-
tings, and physical configurations. The greyed one-way arrow indicates that the three dimensions 
are not only necessary but also that the extent of their presence will usually reinforce the presence 
of the other two. The physical realization of the synergy reinforces the presence of the needed social 
mechanisms to close the loop of the model by reinforcing trust (Baas, 2008), learning, and the ac-
quisition of experience or realized gains (Chertow et al., 2008). 
Most IS cases gained momentum due to environmental issues: pollution of the nearby water stream 
by release of cooling and cleaning water in Kalundborg (Christensen, 2010a), presence of haloge-
nated solvents in wells in Guayama (Chertow et al., 2008), or a need to minimize impacts on marine 
ecosystems in Kwinana (Beers et al., 2007b). The environmental issue was the departure point for 
turning a potential environmental problem into a solution, where waste from one company became 
a resource for another. The authorities expected solutions to these problems. Material scarcity can 
also trigger IS when it directly threatens business perspectives. The exception is Nikopol, where IS 
was viewed as a means to increase production volumes via increased resource efficiency (Sathre and 
Grdzelishvili, 2006). 
The absence of organizational and social mechanisms does not hinder the development of IS. Again, 
the IS case of Nikopol was driven by legitimate incentives but with a lack of knowledge of the local 
conditions, the exclusion of the local managers in the decision-making process, the disregard of 
market signals for by-products, and a lack of social cohesion, which led to sub-optimal decisions 
and short-lived development (Sathre and Grdzelishvili, 2006). Hence, awareness, trust, and willing-
ness are viewed as important drivers when initiating IS.
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Figure 10.1 Social, Organizational, and Physical Dimensions of Industrial Symbiosis and Stake-
holder Interactions
Source: Author’s own elaboration
5. Next Steps in Uncovering Industrial Symbiosis
The model and the framework presented can be used by IS practitioners to uncover and develop 
further synergies. This can help assess the presence of mechanisms that facilitated IS in mature cases 
and help focus on the lack of mechanisms in other industrial areas. The approach chosen to further 
IS synergies can differ: companies have initiated some synergy projects, while planners have also 
designed entire eco-industrial parks. Regardless of the approach, assessing the presence of social fa-
cilitating mechanisms seems to be a useful first step. Among these mechanisms, awareness about IS, 
a willingness to invest, and trust between actors are paramount and have generally been referred to 
as social embeddedness in the literature (Boons and Howard-Grenville, 2009; Doménech and Davies, 
2011; Baas and Huisingh, 2008; Chertow and Ashton, 2009). They also appear to be linked to one an-
other. Awareness can also lead to willingness and trust, and in that regard, different ways to increase 
awareness have been suggested from local introductory workshops (Paquin and Howard-Grenville, 
2012) on interventions of IS champions (Hewes and Lyons, 2008) to documenting the actual existing 
synergies (Chertow, 2007). Once awareness is gained, trust from the potential actors and willingness 
to invest can be obtained through demonstration projects, uncovering the existing synergies in the 
sprouting IS case, or presenting successful projects in an uncovered IS case.
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6. Conclusions
Based on interviews and a literature review, the model presented lists mechanisms that have led to 
effects that are favorable to the development of synergies among the recognized IS cases of Kalund-
borg, Rotterdam, Kwinana, Styria, and Guayama. These mechanisms are distinctively placed in dif-
ferent dimensional realms along with ways to identify and measure them. 
Within the physical dimension, environmental pressure is a mechanism that leads to innovative 
cost-saving and environmental safeguarding solutions. Indirect public interventions through reg-
ulations on the use of environmental resources are also needed. The cases also indicate the impor-
tance of the organizational dimension, e.g., that the intervention of public institutions should be 
limited to a “suggestion-based” governance approach in most cases, where support is advised and 
interactions in the network are facilitated but where companies remain owners of project ideas and 
management. In addition, participatory forms of management within companies help in gathering 
the technical knowledge to develop synergies. The social dimensions, such as intimacy, willingness, 
and transparency of information, act as the “glue” of IS, ensure the perennial development, and are 
considered of the utmost importance when initiating synergy projects. Willingness and trust may 
also be initiated through awareness. A major obstacle can be the centralization of the decision-mak-
ing power to other locations in the headquarters that might have priorities other than the further 
development of IS. 
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